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ABSTRACT
The area of Lassa virus (LASV) circulation is expanding, with the emergence of highly pathogenic 
new LASV lineages. Benin recently became an endemic country for LASV and has seen the 
emergence of a new LASV lineage (VII). The first two outbreaks in 2014 and 2016 showed 
a relatively high mortality rate compared to other outbreaks. We infected cynomolgus monkeys 
with two strains belonging to lineage II and lineage VII that were isolated from deceased patients 
during the 2016 outbreak in Benin. The lineage VII strain (L7) caused uniform mortality. Death was 
associated with uncontrolled viral replication, unbalanced inflammatory responses characterized 
by increased concentrations of pro- and anti-inflammatory mediators, and the absence of efficient 
immune responses, resembling the pathogenesis associated with the prototypic Josiah strain in 
monkeys. The lineage II strain (L2) showed apparently lower virulence than its counterpart, with 
a prolonged time to death and a lower mortality rate. Prolonged survival was associated with 
better control of viral replication, a moderate inflammatory response, and efficient T-cell 
responses. Transcriptomic analyses also highlighted important differences in the immune 
responses associated with the outcome. Both strains caused strong inflammation in several 
organs. Notably, meningitis and encephalitis were observed in the cerebral cortex and cerebellum 
in all monkeys, independently of the outcome. Due to their apparently high pathogenicity, 
emerging strains from lineage VII should be considered in preclinical vaccine testing. Lineage II 
would also be beneficial in pathogenesis studies to study the entire spectrum of Lassa fever 
severity.
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Introduction

LASV is a mammalian Old-World arenavirus that 
causes Lassa fever, a hemorrhagic fever that leads to 
thousands of deaths each year and for which there is 
still no approved vaccine or treatment. All of West 
Africa is at risk of Lassa fever. Originally endemic to 
Nigeria, Sierra Leone, Liberia, and Guinea [1], LASV 
has recently emerged in additional countries, such 
as Mali, Côte d’Ivoire, Togo, and Benin [2–6]. 
Contamination generally occurs after contact with 
infected material from rodent reservoirs [7,8], which 
are believed to account for most human infections [9]. 

After an incubation period of one to three weeks, 
infected individuals first develop nonspecific signs and 
symptoms, such as fever and headache [10,11]. Other 
symptoms may appear during the first week, such as 
pharyngitis, cough, myalgia, abdominal pain, conjunc-
tivitis, nausea, diarrhea, and vomiting. Survivors 
experience these symptoms during one to two further 
weeks before recovering but may develop long-term 
sequelae, including hearing deficits [12]. In severe 
cases, patients develop new symptoms after approxi-
mately one week, including edema, pleural and pericar-
dial effusion, conjunctival and gingival bleeding, 
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respiratory distress, and encephalopathy. Up to 50% of 
patients with severe cases then die from multi-organ 
failure and shock [10].

The pathogenesis of Lassa fever in humans can be 
fully recapitulated in cynomolgus monkeys and this 
model has been instrumental in our understanding of 
the pathophysiogenesis of this disease. The prototypic 
Josiah strain causes uniform lethality in cynomolgus 
monkeys [13,14]. After a short incubation period of 
three to six days, animals develop clinical signs, such 
as stress, fatigue, fever, and dehydration. Over the fol-
lowing days, animals usually develop other clinical 
signs, including bleeding, edema, and respiratory dis-
tress, and die within two weeks after infection. 
A similar disease is observed in monkeys infected 
with the strain Z-132, which belongs to the same line-
age (lineage IV) as LASV Josiah [15]. Non-fatal infec-
tions can also be reproduced in cynomolgus monkeys 
infected with the lineage V strains Soromba-R and AV 
[13,15]. More recently, Stein et al. studied the patho-
physiogenesis in cynomolgus monkeys of two strains 
from lineage III isolated from patients during the 2018 
Nigerian outbreak that show different pathogeni-
city [16].

LASV presents an incredibly high diversity, with at 
least 7 different lineages based on their genetic differ-
ences. Many known or uncharacterized LASV strains 
co-circulate in the rodent reservoir, leading to the spil-
lover of several strains during a single outbreak, possi-
bly presenting differences in pathogenicity and 
antigenicity [9]. Their study in animal models is there-
fore essential to understand the pathophysiogenesis 
associated with each strain and to developing better 
countermeasures. This is particularly important for 
the development of LASV vaccines, which should 
offer cross-protection against the breadth of LASV 
strains circulating in West Africa [9,17]. We recently 
showed the efficacy of a Measles-based LASV vaccine 
against two strains from lineage II and VII that were 
isolated from deceased patients during the Benin 2016 
outbreak [6,18]. Here, we describe the pathophysiogen-
esis associated with these two strains in unvaccinated 
cynomolgus monkeys in more detail.

Results

LASV virus isolation

The lineage II strain BEN-16081 was isolated on Vero 
E6 cells from a blood specimen of a 32-year-old female 
merchant traveling from Lagos who died in a Porto 
Novo hospital in January 2016 [6]. The lineage VII 
strain BEN-16131 was isolated on Vero E6 cells from 

a blood sample of a 25 year-old female merchant work-
ing in Tchaourou who died in April 2016. Strain BEN- 
16081 is called L2 and strain BEN-16131 is called L7 in 
this study. After isolation on Vero E6 cells, a pre-stock 
was produced on Vero E6 cells by infecting cells at 
a multiplicity of infection of .01. Viruses were collected 
three days later and cleared supernatants were titrated 
by focus forming assays, reaching titers of 3 × 107 FFU/ 
mL for L2 and 8.5x106 FFU/mL for L7. We performed 
a phylogenetic analysis on the L gene of several LASV 
strains tested in cynomolgus monkeys, the gold stan-
dard for the study of LASV pathogenesis in animal 
models. This analysis included two strains from lineage 
IV (Josiah [14] and Z-132 [15]) two strains from line-
age V (AV [13,19] and Soromba-R [15]), and two 
strains from lineage III (NML-33 and NML-57 [16]), 
in addition to the aforementioned strains L2 and L7. 
Strain 0043/LV/14 from lineage II was not included in 
the analysis, as the sequence is not available [20]. As 
expected, strains belonging to the same lineages clus-
tered together on a phylogenetic tree (Figure 1). 
Among all strains, L2 and L7 were the most phylogen-
etically distant from the prototypic strain, Josiah.

Pathogenesis of the L2 and L7 strains in 
cynomolgus monkeys

Two groups of three monkeys were infected by 
a subcutaneous injection of 3,000 FFU of LASV 
strain L7 or L2 diluted in 500 µL of PBS. Clinical

Figure 1. Phylogenetic analysis of the LASV strains tested in 
cynomolgus monkeys. the tree was inferred using the PhyML 
Smart Model Selection [21] general time-reversible plus gamma 
plus proportion of invariable sites model, performed on the 
L gene of the different LASV strains. The L gene of the Mopeia 
virus strain an 20410 was used to root the tree. as the sequence 
of the Z-132 strain is not publicly available, we used the 
sequence of Z-148, which is genetically similar [15]. The LASV 
lineage is indicated on the right.
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manifestations were then monitored on a daily basis 
and sampling was performed every three days for the 
first two weeks and then once a week for the following 
two weeks. As previously reported [18], all animals 
experienced weight loss and decreased tonus 
between day 3 and day 9 (Table 1), accompanied by 
fever for two animals in each group. Between days 10 
and 15, L7-infected animals developed more pro-
nounced clinical signs, including apathy, shivering, 
and hypothermia, and all had to be euthanized 
between day 12 and day 15. Animal L2.1 showed epis-
taxis and diarrhea after day 10 and was euthanized 
on day 12. The two other animals only showed low 
tonus and dehydration. Animal L2.3 survived until day 
20, showing balance issues and apathy on the day of 
euthanasia. Animal L2.2 survived until the end of 
the protocol and did not show any clinical signs 
after day 15.

As previously described [18], all animals showed 
increased plasma concentrations of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) 
between day 9 and day 15 or the day of death, as well 
as increased plasma concentrations of C-reactive 

protein (CRP) between day 3 and day 15 or the day 
of death. All animals experienced marked lymphopenia 
between day 3 and day 12, affecting CD4+ and CD8+ 
T cells, as well as B cells and NK cells (Table 1 and 
Figure S1). After day 12, the number of circulating 
T and B cells, NK cells, monocytes, and granulocytes 
increased in the surviving L2.2 animal (Figure S1).

As previously reported [18], viremia was detected in 
all L7-infected animals as early as day 6 post-challenge 
and increased until the time of death (Table 1). Viremia 
was detected on day 9 in the L2-infected animals and 
increased until the time of death in animal L2.1, which 
died on day 12 (Table 1). Viremia increased more 
slowly in animal L2.3, which survived until day 20, 
but reached titers above 105 FFU/mL. Viremia was 
only detected between day 9 and day 12 in animal 
L2.2, which survived the L2 infection (Table 1). At the 
time of necropsy, we collected several organs and mea-
sured the infectious titers in each (Sup. Table S1). We 
detected infectious virus in the lymph nodes, spleen, 
liver, lung, kidney, adrenal gland, bladder, brain, and 
cerebellum of all L7-infected animals, except in the 
mesenteric lymph nodes of L7.1 and in the cerebellum 

Table 1. Clinical, virological, and immunological findings in LASV-challenged monkeys. for the plasma concentrations of alanine 
transferase (ALT), aspartate transferase (AST), and C-reactive protein (CRP), + indicates 2 < fold increase (FI) < 5, ++ 5 <fi < 10, and + 
++ FI > 10. the day of observation is indicated within the parentheses. for viremia, + indicates a plasma titer between 102 and 104 

FFU/mL, ++ between 104 and 105 FFU/mL, and +++ > 105 FFU/mL. LASV strain-specific IgG titers were measured by ELISA and +  
corresponds to titers below 1/1000; ++ between 1/1000 and 1/4000, and +++ > 1/4000. LASV strain-specific T-cell responses were 
measured by intracellular cytokine staining and the percentage of cytokine-positive (expressing IFNγ and/or TNFα) CD4+ and CD8+ 
T cells is indicated by + when between .1 and .2, ++ between .2 and .3, and +++ > .3. the time of death corresponds to the day of 
euthanasia (clinical score above 15 or terminal endpoint), surviving animals were euthanized at the end of the protocol on day 28.

Day 
1-2 Day 3-9 Day 10-15 Day 16-21 Death

L7.1 Stress Weight loss, low tonus, fever, Weight loss, hypothermia, Day 12
ALT++ (9), AST++ (9), CRP+ 

(3),
ALT+++ (12), AST+++ (12), CRP++ (12),

Lymphopenia, Lymphopenia,
Viremia +, T CD4++++ (6) Viremia +++, IgG ++

L7.2 Stress Weight loss, low tonus, fever, Apathy, shivering, prostration, pain, hypothermia (15), ALT 
+++ (12),

Day 15

Lymphopenia, AST +++ (12), CRP +++ (15), lymphopenia, viremia +++, 
IgG ++,

Viremia +, T CD8+ +
T CD8+ + (6), CD4+ + (6)

L7.3 Sress Weight loss, low tonus, Apathy, shivering, hypothermia, Day 14
ALT +, AST ++ (9), CRP +++ 

(3),
ALT +++ (12), AST +++ (12), CRP +++,

Lymphopenia, viremia ++, Lymphopenia, neutropenia,
IgG + (9), T CD8+ + (6), CD4 

+ + (6)
Viremia +++, IgG +++

L2.1 Stress Weight loss, low tonus, fever, Nosebleed, diarrhea, Day 12
AST + (9), CRP +++ (3), AST ++ (12), CRP +++, lymphopenia,
Lymphopenia, viremia + Viremia +++, IgG +++

L2.2 stress Weight loss, low tonus, Low tonus, dehydration, IgG +++, Survived
AST ++ (9), CRP + (9) AST + (12), CRP +++ (12), lymphopenia, T CD8+ ++
Lymphopenia Viremia ++ (12), IgG +++ (15),

T CD8+ ++ (15), CD4+ ++ (15)
L2.3 Stress Weight loss, low tonus, fever, Low tonus, dehydration, Unsteadiness, apathy, viremia +++, 

IgG +++ (20)
Day 20

CRP + (6), lymphopenia, ALT ++ (15), AST ++ (15), CRP ++ (12),
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of L7.3. Organs from animal L2.1 also contained infec-
tious virus in amounts comparable to those observed in 
the L7 animals. Infectious titers measured in the organs 
from L2.3 were relatively low relative to those observed 
for L2.1 and no virus was found in the bladder. Animal 
L2.2 only showed a very low infectious titer in the 
spleen, just above the limit of detection.

We also assessed the humoral and cellular responses 
in all animals (Table 1). As reported previously in more 
details [18], LASV-specific IgG were detected in all L7 
animals at day 9 and in all L2 animals at day 12 and 
reached high titers at the time of death. TNFα- 
producing LASV-specific CD4+ T cells were detected 
in L7 animals at day 6 post challenge but were not 
detected later. L2 animals did not develop LASV- 
specific T cell responses except for the surviving animal 
who produced IFNγ-producing LASV-specific T CD4+ 
and T CD8+ cells by day 15 post challenge, and the 
T CD8+ response was still detected at day 28.

Cytokine and chemokine responses to LASV 
infection

We measured the plasma concentrations of several 
cytokines and chemokines in the days following chal-
lenge. Plasma concentrations of pro-inflammatory IL-6, 
IL-18, and FasL increased for all infected monkeys in 
the days preceding death, except for the surviving ani-
mal L2.2 (Figure 2). Concentrations of TNFα were also 
elevated at the time of death in the animals that died 
before day 14 but remained stable in the others. We 
observed a peak in the IFNα concentration for almost 
all animals on day 6 post-challenge. Elevated concen-
trations of IL-15 were also detected in the plasma of 
animal L7.3 at the time of death. The plasma concen-
trations of the anti-inflammatory cytokines IL-1RA and 
IL-10 increased steadily between day 9 and the time of 
death for all animals, except L2.2 (Figure 2). The 
increase in IL-10 plasma concentrations was also mod-

Figure 2. Quantification of soluble mediators in the plasma according to the time after LASV infection. Plasma concentrations of (a) 
pro-inflammatory cytokines, (b) anti-inflammatory cytokines, (c) T-cell response-related mediators, and (d) chemokines at various 
times post-challenge. IFN-α plasma concentrations were measured by ELISA. All other plasma concentrations were measured by 
Luminex assays.
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est for L2.3, which survived until day 20, relative to that 
of the other animals, which died earlier. The plasma 
concentrations of several soluble mediators involved in 
cytotoxic activity and regulation of the immune 
response were also affected after challenge. The con-
centration of sCD137 increased for all animals 
between day 9 and the day of death, except for L2.2, 
which showed a peak on day 12, which then returned to 
the basal value (Figure 2). We also detected a peak in 
the release of IFNγ on day 9 for all animals, except 
L2.2, for which the IFNγ peaked earlier, on day 6 
(Figure 2). The IL-2 concentrations rose until the time 
of death for all animals that died before day 15 but 
remained low for animals L2.2 and L2.3 (Figure 2). In 
animal L7.1, the concentration of perforin was the 
highest at the time of death, whereas perforin concen-
trations increased considerably by day 9 and then 
tended to stabilize or even decrease for the other ani-
mals (Figure 2). A modest and transient increase in the 
plasma concentration of granzyme B was only noted in 
the L7-infected animals on day 9 (Figure 2). The che-
mokines MCP-1 and IL-8 were released on day 3 at 
high concentrations in the plasma of L2.3, whereas 
these chemokines were released on day 9 and only 
transiently for IL-8 in the other animals (Figure 2).

Transcriptomic profiles after LASV infection

We performed RNA-seq on RNA extracted from per-
ipheral blood mononuclear cells (PBMCs) collected 
every three days for 12 days after challenge with each 
viral strain. We then analyzed the transcriptomic 
response using predefined gene sets corresponding to 
various responses. The differential expression of 
selected genes was evaluated relative to the expression 
on day 0, at the time of challenge (Figures 3 and 4). We 
detected strong upregulation of genes related to the 
antiviral response on days 3 and 6 in the PBMCs of 
animals infected with either strains L7 or L2 (Figure 3). 
Their expression tended to diminish by days 9 and 12, 
but was still significantly elevated relative to day 0. 
Many genes related to the cytokine response were also 
upregulated as soon as day 3 in both groups and the 
expression of many cytokines remained elevated 
until day 12 (Figure 3). The induction of certain cyto-
kine genes was more pronounced in the L2- than L7- 
infected animals, notably CCL2, IL21, and IL18, for 
which upregulation was observed as soon as day 6 post- 
challenge (Figure 3, left panel). On day 9, expression of 
the genes IL7 R, IL18R1, IL17F, IL27RA, and IL10RB 
was also higher relative to day 0 for the L2-infected 
animals than on day 9 for the L7-infected animals 
(Figure 3, right panel). In the L7 group, genes related 

to the monocyte response were strongly upregulated 
on day 3 and their expression then diminished over 
time but remained significantly higher than on day 0 
(Figure 4). In the L2 group, the monocyte gene set was 
less strongly upregulated, the upregulation peaked later, 
on day 6, and then many genes of this gene set were 
downregulated (Figure 4). Consequently, this gene set 
was no longer upregulated on day 9 and day 12 relative 
to day 0. Genes involved in the T cell-response were 
rapidly downregulated in both groups (Figure 4). In the 
L7-infected animals, downregulation was less marked 
on days 6 and 9 but still significantly different from 
their expression on day 12. In the L2-infected animals, 
we observed strong upregulation of the gene set on day 
9 and the expression of many genes remained elevated 
up to day 12. Significant downregulation of the overall 
expression of genes involved in the B cell response was 
observed for both groups at every time point post- 
challenge and was particularly marked on day 6 
(Figure 4).

Histopathology of LASV L2 and L7 infection

A histopathological analysis was carried out in several 
lymphoid and systemic organs that are known to play 
a key role in Lassa pathogenesis. L7-infected monkeys 
showed similar pathology in most organs except the 
liver where slight differences were observed between 
different animals; we, therefore, present the data for 
only one animal in the figures (except for the liver). 
Similarly, the histological findings of fatally L2-infected 
animals were consistent; hence we show the data for 
one deceased animal in comparison to L2.2, which was 
the only non-fatal case of Lassa fever in this study. The 
control animals were historical controls from our pre-
vious studies [13].

Notably, fatally infected animals exhibited histologic 
lesions that reflected the respiratory distress noted 
clinically, with considerable thickening of the 
alveolar septum and advanced interstitial pneumonia, 
regardless of the strain they were infected with 
(Figure 5). Interestingly, animal L2.2 showed only 
minor septal thickening, although the alveolar space 
was still reduced relative to mock-infected animals. 
Furthermore, we observed signs of disruption of the 
lymphoid tissues of L7-infected animals (Figures 6 and 
S2). In the mesenteric lymph nodes, secondary lym-
phoid follicles were essentially unstructured, with little 
delimitation between the mantle and cortical sinus and 
almost no germinal center (Figure 6). The splenic mar-
ginal zone of these animals was also widely disrupted 
and sometimes entirely destroyed (Figure S2). 
Infections with L2 and L7 strains induced the 
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appearance of tingible body macrophages in the lym-
phoid follicles of the lymph nodes and spleen 
(Figures 6and S2). Hepatitis, nephritis, encephalitis, 
and meningitis were detected in all animals, including 
L2.2, as mononuclear cell infiltration was found in all 
organs, demonstrating a general inflammatory state 
caused by both strains of LASV. Finally, hepatic stea-
tosis was identified in animals L7.1 and L2.1 (Figure 7).

We identified the infected cells in all organs we 
investigated for both L2 and L7. Hepatocytes showed 
a very wide range of infection patterns (Figure 7). 
Indeed, we detected no infected hepatocytes in L2.2 
and L2.3 and only very small and sparse clusters of 
infected hepatocytes in L2.1, L7.2, and L7.3, whereas 
infection was widespread throughout the hepatic tissue 
in L7.1. Nevertheless, infected cells were identified 
within the periportal infiltrates of mononuclear cells 

in L2-infected animals. Endothelial cells were very per-
missive to L7 infection, as identified in the kidneys 
(Figure 8) and lungs (Figure 5). As in the liver, we 
detected infected immune cells in the perivascular infil-
trates of the kidney during L2 infection (Figure 7). In 
the spleen, L7-infected cells were found both in the 
lymphoid follicles (marginal zone, mantle, and germ-
inal center) and the red pulp, whereas L2 infection 
appeared to remain limited to the marginal zone and 
germinal centers, and was only sparse in the red pulp 
(Figure S2). In the mesenteric lymph node, fatal L2 
infection was characterized by a significant amount of 
viral material in the germinal centers, whereas the few 
infected cells were disseminated in the sinuses and in 
the medulla in other conditions (Figure 6).

S100A9 immunostaining also showed widespread 
neutrophilic infiltration in the lungs, liver, kidneys, 

Figure 3. Transcriptomic analyses of PBMCs from infected animals. Gene expression heatmap of two gene sets: (a) antiviral response 
and (b) cytokine response. the standardized average expression (Standard aver. expr.) of the genes for each gene set was plotted 
against the time after challenge and normalized to day 0. for each gene set, a two-way ANOVA, adjusted for the viral strain and 
the day, was fitted to the standardized (centered and scaled) gene expression to summarize the global direction of regulation of the 
gene sets. Comparisons of average gene expression between day 0 and other days were performed using contrasts of the linear 
model (post-hoc Tukey HSD test). Red asterisks indicate significant differences from the expression on day 0 *P ≤.05, **P ≤.01, 
***P ≤.001.
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and adrenal glands during fatal infection (Figures 6–8 
and S3), which was not limited to the clusters of infil-
trated immune cells but widespread throughout the 
functional areas of each organ. Conversely, the func-
tional areas of systemic tissues of L2.2 remained mostly 
free of neutrophil invasion, although some neutrophils 
were found in perivascular infiltrates only. Many neu-
trophils were also detected in the sub-capsular and 
cortical sinuses of the lymph nodes of fatally infected 
animals, whereas L2.2 showed no sign of neutrophil 
infiltration in the lymph nodes, similar to the mock- 
infected animals (Figure 6). Deceased animals also 

showed widespread neutrophil invasion of the splenic 
marginal zone and red pulp (Figure S2). We detected 
a considerable number of granzyme B-positive cells in 
the alveolar septum of L7-infected animals (Figure 5). 
All infected animals showed a moderate increase in the 
number of cytotoxic cells in all other organs except 
the adrenal glands, regardless of the tissue or strain. 
Importantly, microglial activation – detected by 
enhanced Iba-1 immunostaining and reduced size of 
the dendrites – in all layers of the brain and cerebellum 
was strong and similar in all infected animals 
(Figure 9). We identified microglial nodules both in 

Figure 4. Transcriptomic analyses of PBMCs from infected animals. Gene expression heatmap of three gene sets: (a) monocyte 
response, (b) T-cell response, and (c) B-cell response. the standardized average expression (Standard aver. expr.) of the genes for 
each gene set was plotted against the time after challenge and normalized to day 0. for each gene set, a two-way ANOVA, adjusted 
for the viral strain and day, was fitted to the standardized (centered and scaled) gene expression to summarize the global direction 
of regulation of the gene sets. Comparisons of average gene expression between day 0 and other days were performed using 
contrasts of the linear model (post-hoc Tukey HSD test). Red asterisks indicate significant differences from the expression on day 0 
*P ≤.05, **P ≤.01, ***P ≤.001.
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the white and gray matter of the brain (Figure 9, Brain, 
see magnifications) and in the molecular and granular 
layers, as well as in the white matter of the cerebellum 
(Figure 9, Cerebellum).

Discussion

Here we describe the pathophysiogenesis of two LASV 
strains, L2 and L7, in the cynomolgus monkey model. 
These two strains were isolated from samples collected 
from patients who died from Lassa fever during the 
2016 outbreak in Benin [6]. In monkeys, these two 
strains showed different pathogenicity. L7-infected ani-
mals all died within 15 days, whereas one L2-infected 
animal survived the infection and another died only 
on day 20. Strain L7 appears to be as pathogenic as 
strains from lineage IV, Josiah and Z-132, which 
usually cause uniform lethality within 15 days in cyno-
molgus monkeys [13–15,18,22,23]. On the contrary, the 
pathogenicity of strain L2 is closer to that of strains 
Soromba-R and AV from lineage V in monkeys [4,24]. 
Indeed, the challenge of three macaques with 104 FFU 
of LASV Soromba-R led to one death on day 12, one 

death on day 18, and a third animal survived the 
challenge [15]. Similarly, the challenge of three mon-
keys with 103 FFU of LASV AV led to heterogeneous 
mortality, with one animal dying on day 16, a second 
on day 21, and a third surviving the infection [19]. In 
a recent study, four infected monkeys all survived 
infection with a similar dose of LASV AV [13]. These 
observations suggest that strains from lineage V, which 
have, thus far, caused only two known human deaths 
[24,25], are less pathogenic than strains from other 
lineages. But it is not the case in all lineages. While 
L2 appeared less pathogenic than L7 in monkeys, LASV 
strain 0043/LV/14 from Lineage II is as pathogenic as 
strains from lineage IV and VII in monkeys, causing 
the death of infected animals within 15 days after 
a challenge with 103 FFU [20]. Very recently, cynomol-
gus monkeys were infected with 104 TCID50 of two 
strains belonging to lineage III, isolated from patients 
during a 2018 Nigerian outbreak [16]. Strain NML-33 
caused the death of the four infected monkeys within 
14 days. Strain NML-57 only caused one death on day 
16 and the other three animals survived the infection. 
These observations underscore the necessity to study 

Figure 5. Comparative histopathology of the lung after challenge with L7 or L2 LASV strains. HE: hematoxylin-eosin coloration. 
Yellow arrowheads show severe (L7.1 and L2.1) or mild (L2.2) septal thickening. LASV: immunostaining of LASV glycoprotein-2c. 
Black arrowheads show infected cells. S100A9: immunostaining of neutrophils. GrB: immunostaining of cytotoxic cells. Scale bar: 100  
µm.
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a wide variety of LASV strains belonging to different 
lineages to understand the pathophysiogenesis of Lassa 
fever and the various outcomes associated with an 
infection. This is particularly important, as recent ana-
lyses have demonstrated that many LASV strains 
belonging to different lineages can co-circulate during 
a single outbreak [9].

Independently of the outcome, all animals infected 
with L7 and L2 developed signs of disease and pre-
sented hallmarks of LASV infection between the day of 
challenge and day 9. These included stress, loss of 
weight and tonus, fever, an increase in AST and ALT 
levels, and lymphopenia. Viremia appeared earlier and 
increased more rapidly in L7-infected animals, suggest-
ing that L7 and L2 may show different virulence. At the 
time of necropsy, the titers found in organs were 
higher overall in L7- than L2-infected animals. 
Histopathological analyses showed viral replication to 
be mostly restricted to endothelial cells, except for the 
liver, where hepatocytes were also infected. The health 
of L7-infected animals considerably declined after 10  
days and they showed severe hypothermia at the time 
of death, as observed in Josiah-challenged animals 

[13,23]. In the L2 group, animal L2.1, which died 
on day 12, showed epistaxis, which may indicate 
a coagulation disorder, as observed in NML-33- 
infected animals [16]. Animal L2.3 was euthanized 
on day 20 after showing serious balance issues, which 
may suggest neurological illness. Hearing deficits, 
a common complication of Lassa fever, have been 
described in Josiah-infected monkeys [26] and may 
explain, at least in part, the balance issues. We were 
not able to evaluate potential hearing deficits of 
infected monkeys in our BSL-4 facilities. At the time 
of necropsy, we observed a strong neuro-inflammation 
in all monkeys regardless of the strain or the outcome, 
characterized by meningitis, encephalitis, diffuse micro-
glial activation and formation of microglial nodules in 
the brain and the cerebellum. Interestingly, the animal 
L2.2 that survived and had no detectable viremia 
after day 12 still exhibited histological signs of ence-
phalopathy at the terminal point of the study, suggest-
ing that neurological disorder can last for a prolonged 
time after recovery from LASV infection. Multifocal 
gliosis and inflammation of the brain and the cerebel-
lum have also been described during the course of non- 

Figure 6. Comparative histopathology of a mesenteric lymph node after challenge with L7 or L2 LASV strains. HE: hematoxylin-eosin 
coloration. LASV: immunostaining of LASV glycoprotein-2c. Black arrowheads show infected cells in the mantle, the germinal center 
and the cortical sinus. S100A9: immunostaining of neutrophils. GrB: immunostaining of cytotoxic cells. Scale bar: 100 µm.
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fatal Soromba-R – lineage V – infection [15]. In 
humans, a third of the patients enrolled in a large 
Nigerian cohort presented central nervous system man-
ifestations during LASV illness and treatment, and 
encephalopathy was strongly associated with fatal 
issue [27]. These previous findings, combined with 

the extensive neuro-inflammation we describe in this 
study suggest that the neurological manifestations 
caused by Lassa fever should not be underestimated.

Deceased macaques infected by L2 or L7 all exhib-
ited acute respiratory distress. Although we lack specific 
clinical analyses – volumetric monitoring, lung 

Figure 7. Comparative histopathology of the liver after challenge with L7 or L2 LASV strains. HE: hematoxylin-eosin coloration. 
Yellow arrowheads show signs of hepatic steatosis. LASV: immunostaining of LASV glycoprotein-2c. Black arrowheads show infected 
hepatocytes and interstitial cells, blue arrowheads show infected immune infiltrating cells. S100A9: immunostaining of neutrophils. 
GrB: immunostaining of cytotoxic cells. Scale bar: 100 µm.
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radiography – to characterize the respiratory syndrome, 
histological observations show evidence of advanced 
interstitial pneumonia, with diffuse infiltration of 
mononuclear cells and thickening of the alveolar 
septa. Similar pulmonary manifestations were described 
by previous studies investigating the pathophysiology 
of various strains of LASV, notably from lineage III 
(NML-33), IV (Josiah) and V (Soromba-R) [13,15,16]. 
In Soromba-R-infected animals, Safronetz and collea-
gues partly attributed these clinical signs to the strong 
increase of TNF-α observed during the course of the 
disease and which is known to correlate with vascular 
permeability [15,28]. More recently, animals infected 
with NML-33 and NML-37 strains also develop 
a strong pulmonary disease in absence of TNF-α secre-
tion [16]. In our study, the five animals who died 
before the end of the experiment presented pulmonary 
manifestations but only three of them presented 
a terminal increase in plasmatic levels of TNF-α. 
Therefore, TNF-α secretion was probably not the 
major cause of the acute lung pathology we described, 
but this pathology was strongly associated with fatal 
outcome. This corroborates results obtained with 
a large human cohort dataset showing a significant 

association between respiratory distress and outcome 
during Lassa fever [27]. Altogether, these recent find-
ings tend to show that the impairment of the respira-
tory function might be an unneglectable effect of LASV 
infection, although more investigations are to be led to 
better characterize this respiratory syndrome.

The surviving animal, L2.2, likely survived after 
mounting an efficient cellular response. Indeed, L2.2 
was the only animal to develop LASV-specific CD8+ 
and CD4+ T-cell responses between day 10 and day 15. 
Transcriptomic analyses also showed that genes asso-
ciated with the T-cell response were only upregulated in 
L2-infected animals starting from day 9 post-infection. 
These observations are consistent with the crucial role of 
the T-cell response in the protection of human survivors 
or immunized monkeys [19,23,29–32]. The antibody 
response did not presumably participate in protection, 
as all L2- and L7-infected animals produced similar levels 
of LASV-specific IgG before death. At the terminal stage 
of the disease, we observed strong dysregulation of the 
inflammatory response in all animals that died before day 
15, with a substantial release of pro-inflammatory and 
anti-inflammatory mediators that was particularly 
marked in the L7-infected animals. On the contrary, 

Figure 8. Comparative histopathology of the kidney after challenge with L7 or L2 LASV strains. HE: hematoxylin-eosin coloration. 
LASV: immunostaining of LASV glycoprotein-2c. Black arrowheads show infected endothelial cells, blue arrowheads show infected 
immune infiltrating cells. S100A9: immunostaining of neutrophils. GrB: immunostaining of cytotoxic cells. Scale bar: 100 µm.
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animals L2.2 and L2.3 showed a more balanced inflam-
matory response, similar to that observed in AV-infected 
animals [13]. The cells responsible for the release of 
soluble mediators are likely activated monocytes and 
macrophages. PBMCs showed a strong activated mono-
cyte signature in the L7-infected animals as early as day 3 
post-infection and until day 12, and the overall activation 
of monocyte genes inversely mirrored the expression of 
T cell-related genes. In L2-infected animals, the monocyte 
response was only upregulated between days 3 and 6, and 
after day 6, we detected the upregulation of T cell-related 
genes, which persisted until day 12. Thus, the strong 
activation of monocytes and macrophages producing 
high amounts of cytokines may explain, at least partially, 
the absence of proper T-cell responses during fatal Lassa 
fever, as proposed previously for Josiah-infected monkeys 
[13]. The combined use of immunomodulatory and anti-
viral molecules may therefore be a strategy to treat Lassa 
fever patients. Recently, the JAK/STAT inhibitor ruxoli-
tinib was shown to prevent terminal hypothermia and 
pleural effusion in a mouse model of arenavirus hemor-
rhagic fever [33], without altering viral replication, pre-
sumably by dampening the cytokine response [34].

In the absence of efficient treatment, vaccination 
remains the most viable means to control LASV infec-
tion during outbreaks. Many vaccines are being devel-
oped and at least two are already in clinical trials 
[20,22,26,35,36]. According to the World Health 
Organization, a LASV vaccine should protect against 
LASV lineages I-IV. Our results demonstrate that 
strains from lineage VII should also be considered in 
vaccine testing, as they may be at least as pathogenic as 
the historical strains from lineage IV used to generate 
all vaccines and are highly divergent from them. Our 
results also support the testing of new emerging LASV 
strains in animal models to understand specific 
aspects of their pathogenesis and to develop better 
countermeasures.

Materials and methods

Study design

Animals were subcutaneously (SC) challenged with 
3,000 focus-forming units (FFU) of LASV BEN-16081 
lineage II (L2) [6] or 3,000 FFU of BEN-16131 lineage 

Figure 9. Comparative histopathology of the brain and cerebellum after challenge with L7 or L2 LASV strains. HE: hematoxylin-eosin 
coloration. Iba-1: immunostaining of the microglia (dim in normal microglia, bright inactivated microglia). Scale bar: 250 µm. Scale 
bar in magnifications: 25 µm.
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VII (L7) [6]. After challenge, animals were monitored 
and were attributed clinical scores on the basis of 
observed clinical signs, body temperature, body 
weight, feeding, dehydration and behavior, as pre-
viously described [18,23]. A clinical score of 15 or 
above was the limit point for euthanasia in order to 
limit animal suffering. Animals were anesthetized 
every three days until day 15 then once a week 
until the end of the experiment at day 28. During 
anesthesia, blood, oral and nasal swabs, and urine 
were collected in parallel of the medical exam. All 
procedures were approved by the Comité Régional 
d’Ethique en Matière d’Expérimentation Animale de 
Strasbourg (2018100414445313) and the Comité 
Régional d’Ethique pour l’Expérimentation Animale 
Rhône Alpes (2018101211262022).

Cell cultures, virus, and infections

Vero E6 cells were grown in Glutamax Dulbecco 
Modified Eagle’s Medium (DMEM, Life Technologies) 
supplemented with 5% fetal bovine serum (FBS) and 
0.5% penicillin-streptomycin. Stocks of LASV BEN- 
16081 lineage II (L2) and BEN-16131 lineage VII (L7) 
were produced and titrated by focus-forming assay on 
Vero E6 cells. Briefly, Vero E6 cells were infected for 1  
h with decimal dilutions of the viral stocks then over-
laid with carboxy-methylcellulose diluted in DMEM. 
Seven days later, cells were washed, fixed, permeabi-
lized and stained with mouse anti-LASV antibodies 
(kindly provided by the CDC, Atlanta) and goat anti- 
mouse antibodies conjugated to alkaline phosphatase. 
Infectious foci were revealed by incubation with the 
NBT/BCiP substrate (Thermofisher) and counted 
manually. Inoculums were prepared in phosphate buf-
fered saline (PBS). Animals received 3,000 focus- 
forming units (FFU) by the SC route. Viral titers in 
plasma and organs were measured by focus-forming 
assay on Vero E6 cells.

Quantitative RNA analysis

Quantitative PCR for viral RNA was performed with 
the SensiFAST Probe No-ROX One-Step kit (Bioline), 
and NP-specific primers and probes for the L2 and L7 
strains. Quantification was done thanks to NP-specific 
synthetic RNA standards as previously described [37].

T-cell activation assay

LASV-specific T-cells against L2 and L7 strains were 
determined as described elsewhere [18]. Briefly, fresh 
whole blood was incubated with overlapping GPC or 

NP peptides covering the full sequence of the proteins 
(15 amino acid long, 11 residues overlapping, 1 µg/ml 
each) and anti-human CD28 and anti-human CD49d 
antibodies (2 µg/ml, BD Biosciences) and Brefeldin 
A (10 µg/ml, Sigma-Aldrich) for 6 h at 37°C. 
Staphylococcus enterotoxin A (SEA) (1 µg/ml, Sigma- 
Aldrich) and PBS were used as positive and negative 
control of activation, respectively. PBS-ethylene dia-
mine triacetic acid (EDTA) (2 mM final concentration) 
was then added to the samples before staining with 
APC mouse anti-human CD3 (clone SP34-2), Alexa 
FluorR 700 mouse anti-human CD4 (clone L200), and 
APC-H7 mouse anti-human CD8 (clone SK1) (BD 
Biosciences). Samples were then treated with 
PharmLyse (BD Biosciences) to lyse red blood cells. 
Cells were fixed and permeabilized using the FoxP3 
staining buffer set (Miltenyi Biotec) before intracellular 
staining with antibodies to IFNγ (clone B27, PE) and 
TNFα (clone Mab11, Pe-Cy7) (BioLegend). Cells were 
analyzed by flow cytometry using a 10-color Gallios 
cytometer (Beckman Coulter). Data were analyzed 
using Kaluza 2.1 software (Beckman Coulter).

Hematology and biochemistry

The number of circulating CD8 and CD4 T cells, 
B cells, NK cells, monocytes, and granulocytes was 
determined by flow cytometry using the following anti-
bodies: V540 mouse anti-human CD56 (clone B159), 
V500 mouse anti-human CD3 (clone SP34-2), FITC 
Mouse anti-NHP CD45 (clone D058-1283), PE mouse 
anti-human CD10 (clone HI10α), PE-CyTM7 mouse 
anti-human CD20 (clone 2H7), Alexa FluorR 700 
mouse anti-human CD4 (clone L200), APC-H7 mouse 
anti-human CD8 (clone SK1) all from BD biosciences 
and APC mouse anti-human NKp80 (clone 4A4.D10) 
from Miltenyi Biotec. Cells were analyzed by flow cyto-
metry using a 10-color Gallios cytometer (Beckman 
Coulter). Data were analyzed using Kaluza 2.1 software 
(Beckman Coulter). Plasma concentrations of ALT, 
AST, and CRP were measured using a Pentra C200 
analyzer (Horiba Medicals).

Enzyme-Linked immunosorbent assays

LASV specific IgG antibody titers were determined as 
described elsewhere [18]. Briefly, polysorp plates 
(Nunc) were coated overnight with a lysate of LASV- 
infected (L2 or L7) or mock-infected Vero E6 cells as 
positive and negative antigens, respectively. Plates were 
then blocked with PBS/2.5% bovine serum albumin 
(BSA) for 1 h, and plasma samples were incubated for 
1 h on coated plates at dilutions of 1:250, 1:1,000, 
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1:4,000, and 1:16,000. Plates were then incubated 
with polyclonal peroxidase-conjugated antibodies 
directed against NHP IgG γ-chain (Sigma). 
Tetramethylbenzidine (TMB) (Eurobio) was finally 
added and optical densities measured using a Tecan 
plate reader (Tecan).

IFNα2 concentrations were determined using 
a human IFN2-specific ELISA (IFNa human matched 
antibody pair, Life Technologies) according to the 
manufacturer’s instructions, and a Tecan plate reader 
(Tecan).

Luminex

The plasma concentrations of IFNγ, IL2, IL10, IL15, 
IL1RA, IL6, IL8, MCP1, TNFα, MIP1β and IL18 were 
measured using the NHP Cytokine/Chemokine 
Magnetic Bead Panel I (Merck). The plasma concentra-
tions of sCD137, Granzyme B, FasL and perforin were 
measured using the NHP Cytokine/Chemokine 
Magnetic Bead Panel II (Merck). Plates were prepared 
according to the manufacturer’s instructions and ana-
lyzed on a Magpix instrument (Merck).

Transcriptomic analysis

Total RNA was extracted from PBMCs using the 
RNeasy extraction kit (Qiagen). RNA samples quantifi-
cation and qualification, mRNA poly(A)-capture and 
library preparations were performed as described else-
where [23]. Sequencing was performed using a NextSeq 
500 Flow Cell High Output SR75 instrument with nine 
samples per flow cell.

The Sequana RNA-seq pipeline was used to perform 
bioinformatics analyses [38]. Cutadapt version 1.11 was 
used to clean reads of adapter sequences and low- 
quality sequences [39]. Only sequences of at least 20 
nucleotides in length were considered for further ana-
lysis. STAR version 2.5.0a [40], with default parameters, 
was used for alignment to the reference genome. 
Genome was downloaded from UCSC and annotation 
track (.gtf Ensembl Genes) was retrieved from UCSC 
(genome: Rhesus, assembly Nov. 2015 Mmul_8.0.1). 
Genes were counted using featureCounts version 
1.4.6-p3 [41] from the Subreads package (parameters: 
-t gene -g ID -O -s 2). R software version 4.0.4 was used 
for statistical analyses. Insufficiently expressed genes 
were filtered out by removing those with no reads in 
at least 90% of samples and a cpm <1 for at least three 
samples, as recommended in the DESeq2 vignette [42]. 
Differential analysis was performed using the DESeq2 
package [42] with a statistical model adjusted for the 
effect of the day, viral strain, interaction between these 

two factors, and pairing within monkeys. A Wald test 
was used for comparisons among groups and p-values 
were adjusted using the Benjamini-Hochberg multiple 
testing correction.

Histology

At the terminal endpoint of the infections, the monkeys 
were euthanized, necropsies carried out, and the organs 
of interest harvested. The organ samples were fixed and 
inactivated in 10% formalin for a minimum of 14 days, 
dehydrated and immersed in paraffin using a STP120 
device (Microm Microtech), and paraffin-embedded 
using a TES99 station (Tech-Inter). Three-micrometer 
thin sections were prepared using a RM2125 RTS 
microtome (Leica), and left to dry at room temperature. 
The sections were then deparaffinized with successive 
baths of xylene and absolute ethanol and dried before 
proceeding to the following steps (HE coloration or 
antigen immunostaining).

For hematoxylin-eosin coloration, sections were 
successively immersed in baths containing Gill’s 
hematoxylin (Sigma), lithium carbonate, and eosin 
(Sigma). They were then dehydrated in absolute etha-
nol and xylene and mounted using Eurokit glue. 
Images were captured using a Leica DMIL micro-
scope with LASX software.

For immunohistochemistry, sections were processed 
for antigen retrieval using a Retriever 2100 with citrate 
buffer (pH = 6), saturated with PBS/3% BSA for 30 min, 
and incubated overnight in primary antibodies diluted 
in PBS-3% BSA at 4°C The following primary antibo-
dies were used for immunostaining: a custom anti- 
Lassa mouse antibody directed against GP2c (kindly 
provided by the Special Pathogen Branch, CDC, 
Atlanta) at a 1:50 dilution, an S100A9 rabbit antibody 
(Invitrogen) at a 1:200 dilution, a Granzyme B mouse 
antibody (Abcam) at a 1:500 dilution, and an Iba-1 
mouse antibody (Abcam) at a 1:500 dilution. The 
following day, endogenous peroxidases were quenched 
with 0.3% H2O2 and the sections were incubated for 30  
min with a ready-to-use secondary antibody coupled 
with horseradish peroxidase (N-Histofine, Microm 
Microtech). The sections were then incubated with 
either diaminobenzidine (DAB Quanto, 
ThermoFisher) or 3-amino-9-ethylcarbazole (AEC, 
Sigma) for a length of time customized for each pri-
mary antibody, counterstained with Gill’s hematoxylin 
diluted 1:2 in water, briefly bathed in an ammonium 
hydroxide solution, dehydrated with successive baths of 
absolute ethanol and xylene, and mounted using xylene 
glue (Eukitt). Images were captured using a Leica 
DMIL microscope with LASX software.
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A single-shot Lassa vaccine induces long-term 
immunity and protects cynomolgus monkeys against 
heterologous strains
Mathieu Mateo1,2, Stéphanie Reynard1,2, Alexandra Journeaux1,2, Clara Germain1,2, 
Jimmy Hortion1,2, Xavier Carnec1,2, Caroline Picard1,2, Nicolas Baillet1,2, Virginie Borges-Cardoso1,2, 
Othmann Merabet1,2, Audrey Vallve3, Stéphane Barron3, Ophélie Jourjon3, Orianne Lacroix3, 
Aurélie Duthey3, Manon Dirheimer4, Gregory Jouvion5,6, Pierre-Henri Moreau7, Lyne Fellmann7, 
Caroline Carbonnelle3, Hervé Raoul3, Frédéric Tangy8, Sylvain Baize1,2*

A safe and protective Lassa virus vaccine is crucially needed in Western Africa to stem the recurrent outbreaks of 
Lassa virus infections in Nigeria and the emergence of Lassa virus in previously unaffected countries, such as 
Benin and Togo. Major challenges in developing a Lassa virus vaccine include the high diversity of circulating 
strains and their reemergence from 1 year to another. To address each of these challenges, we immunized cyno-
molgus monkeys with a measles virus vector expressing the Lassa virus glycoprotein and nucleoprotein of the 
prototypic Lassa virus strain Josiah (MeV-NP). To evaluate vaccine efficacy against heterologous strains of Lassa 
virus, we challenged the monkeys a month later with heterologous strains from lineage II or lineage VII, finding 
that the vaccine was protective against these strains. A second cohort of monkeys was challenged 1 year later 
with the homologous Josiah strain, finding that a single dose of MeV-NP was sufficient to protect all vaccinated 
monkeys. These studies demonstrate that MeV-NP can generate both long-lasting immune responses and re-
sponses that are able to protect against diverse strains of Lassa virus.

INTRODUCTION
Lassa virus (LASV) is endemic to West Africa, where it circulates in 
rodents, of which Mastomys natalensis is the main natural reservoir. 
Rodent-to-human transmission accounts for most human cases 
and often occurs during the dry season, when the rodent population 
peaks and comes into closer proximity to human populations to 
find resources (1, 2). Most infections follow mucosal contact with 
food or dust contaminated with rodent excrements. Human-to- 
human transmission is rare and mostly nosocomial after contact 
with infected fluids. Although most infected individuals survive an 
LASV infection, 15 to 50% of hospitalized patients die from Lassa 
fever. Severe complications may appear after recovery, with up to 
one-third of survivors developing a hearing deficit that can be irre-
versible (3). Lassa fever thus constitutes a major health problem in 
endemic areas and, in the absence of an effective treatment or vac-
cine, the World Health Organization (WHO) recently placed Lassa 
fever in the top priority list of viral diseases for which a vaccine is 
urgently needed.

With up to 180 million people at risk for Lassa fever (4), mass 
vaccination would indeed reduce the risk of major Lassa fever epi-
demics in both endemic and currently unaffected countries. To 

achieve this goal, the Coalition for Epidemic Preparedness Innova-
tions (CEPI) has initiated a global program to develop vaccines 
against emerging infectious diseases and promote equitable access 
to vaccination for all during outbreaks, including substantial sup-
port of the development of an LASV vaccine from preclinical to 
clinical phases. The development of an LASV vaccine faces several 
challenges, and the WHO has published a Target Product Profile 
(TPP) that defines the characteristics of an appropriate LASV vac-
cine. A preventive vaccine is preferred over a reactive vaccine, and 
the vaccine should be safe for all age groups, preferentially provide 
protection after a single immunization, induce long-term protec-
tion to cover several Lassa fever seasons, and cross-protect against 
several LASV lineages (5).

Cross-protection is likely the most challenging aspect of the 
TPP. A recent metagenomic analysis of the LASV strains recovered 
from patients during the recent 2018 outbreak in Nigeria revealed a 
high diversity of genetically distinct cocirculating strains belonging 
to several different lineages (2). There are currently seven known 
lineages of LASV strains established on the basis of their genetic 
diversity (6, 7). Lineages I, II, and III include strains circulating in 
Nigeria (8). Lineage IV is represented by strains originating from 
Guinea, Sierra Leone, and Liberia (9). This includes the prototypic 
Josiah strain, isolated from a Sierra Leonean patient in 1976. Lin-
eage V comprises strains from Mali and Côte d’Ivoire. Strains from 
lineage VI were isolated in Hylomyscus pamfi from Nigeria (6). Last, 
lineage VII is represented by strains that emerged in Togo and Benin 
during the epidemics of 2014 and 2016 (7). Although the distribu-
tion of each of the seven lineages appears to be restricted to specific 
geographic locations, the introduction of LASV from one country 
to another can occur (7, 10) and may become more frequent with 
the rapid development of West Africa. In addition, LASV is the 
most frequently exported hemorrhagic fever virus, in most cases by 
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health care workers returning to their home countries after con-
tracting the disease (11, 12). Although the WHO TPP indicates that 
vaccination should protect against lineages I to IV, conferring pro-
tection against all lineages would be preferred. However, the high 
diversity of LASV strains implies that vaccine development would 
have to address certain antigenic issues. The two major LASV anti-
gens, the glycoprotein (GPC) and the nucleoprotein (NP), diverge 
considerably between lineages, with up to 15% dissimilarity between 
two NP proteins (8). This may be problematic, as all LASV vaccines 
in development are based on the antigens from lineage IV (13). In 
addition, GPC is often used as the sole antigen in vaccine candi-
dates, whereas immune responses against NP, notably T cell responses, 
have been shown to be crucial for the recovery of LASV survivors 
(14–16) and the protection of vaccinated monkeys (10, 13).

Among the LASV vaccine candidates that have been developed 
over the past decades (5), several have shown promising results in 
preclinical studies and have therefore received support from the 
CEPI for further development. Vesiculovax, a modified recombi-
nant vesicular stomatitis virus (VSV) that expresses LASV GPC, 
was shown to protect monkeys from a lethal challenge with a heter-
ologous strain from lineage II when administered twice, along with 
a filovirus vaccine (17). Another VSV-based vaccine, rVSVG-LASV- 
GPC, also protected guinea pigs against lineage I and lineage IV 
strains and monkeys against two strains from lineage IV after a sin-
gle immunization (18, 19). A DNA vaccine, pLASV-GPC, also pro-
tects monkeys after three intradermal injections (20). None of these 
three vaccines have demonstrated long-term efficacy in monkeys in 
preclinical studies.

We have previously developed MeV-NP, a recombinant measles 
virus vaccine that expresses LASV GPC and NP, both from the Josiah 
strain. In this vaccine, the gene encoding NP was further modified 
to abolish its ability to dampen the immunogenicity of the measles 
backbone (21). We have previously demonstrated that a single im-
munization with MeV-NP protects monkeys against a lethal chal-
lenge with the homologous Josiah strain and that protection was 
mostly linked to the elicitation of T cell responses against GPC and 
NP (10). MeV-NP was also selected by the CEPI and is currently 
undergoing a first-in-human phase 1 clinical trial (NCT04055454) 
under the name MV-LASV. MeV-NP has specific characteristics 
that could make it an appropriate vaccine against LASV. The mea-
sles platform is safe and is currently being used in several clinical 
trials for other viral diseases (22–25). Measles vaccination confers 
life-long immunity, and measles-based vectors may also induce 
long-term immunity against the targeted pathogens. MeV-NP, sim-
ilar to other measles virus–based vaccines, induces antimeasles an-
tibodies (10) and could therefore immunize against two pathogens 
in naïve recipients or boost the immune response toward measles in 
seroconverted individuals, as preexisting immunity does not seem 
to affect its immunogenic properties (23). It is yet to be determined 
whether a single immunization with MeV-NP can cross-protect 
against divergent strains of LASV and induce long-term protection 
against infection against the homologous strain of LASV.

Here, we tested whether a single dose of MeV-NP can protect 
monkeys against divergent strains from lineage II, generally re-
sponsible for the yearly Lassa fever burden (2, 26), and lineage VII, 
a recently emerged lineage that has shown an unusually high case 
fatality rate of 50% in Togo and Benin and that shows the highest 
divergence from lineage IV strains (7). We also assessed whether 
MeV-NP can induce long-term protection in monkeys challenged 

over 1 year after vaccination and whether a prime-boost regimen 
could be beneficial for such protection.

RESULTS
Immunization of cynomolgus monkeys
In total, 23 monkeys were used to assess the cross-protection and 
long-term efficacy of MeV-NP. For evaluation of cross-protection, 
four groups of three monkeys were immunized by the subcutane-
ous route with 2 × 106 tissue-culture infective doses [median tissue 
culture infectious dose (TCID50)] of MeV-NP or MeV as a negative 
control (Fig. 1A). Monkeys in the MeV groups were vaccinated with 
the measles virus Schwarz strain vaccine. Groups were character-
ized on the basis of vaccination with MeV-NP (V) or control vacci-
nation (C) and challenged with either the lineage VII Benin strain 
(B) or the lineage II Nigeria strain (N), leading to four groups: VB 
(orange), CB (blue), VN (red), and CN (gray).

For evaluation of long-term protection, one group of four mon-
keys was immunized one time by the intramuscular route with 2 × 
106 TCID50 of MeV-NP for subsequent challenge with the Josiah 
strain of LASV (group VJ-P, red; Fig. 1B). Another group of four 
received prime and boost (PB) intramuscular immunizations with 
2 × 105 TCID50 of MeV-NP spaced 1 month apart before challenge 
with the Josiah strain of LASV (group VJ-PB, blue; Fig. 1B). An ad-
ditional control group of three monkeys was immunized by two 
intramuscular injections of 2 × 105 TCID50 of MeV spaced 1 month 
apart for subsequent challenge with the Josiah strain of LASV (group 
CJ, gray; Fig. 1B). Monkeys were immunized through the intramus-
cular route to confirm that subcutaneous or intramuscular routes 
do not affect the immunogenicity of the vaccine, as shown for the 
Measles-Mumps-Rubella-Varicella (MMRV) vaccine in clinical trials 
(27) and to match the immunization route used in the clinical trial. 
After immunization, no alteration of the biological parameters, 
including body temperature, weight, and respiratory rate, of any 
monkey was observed during the time between immunization and 
challenge, which was 37 days for the VN, CN, VB, and CB monkeys 
and 383 days for the VJ-P and VJ-PB monkeys (Fig. 1, A and B). We 
assessed potential viremia due to the vaccine for several days after 
each immunization by reverse transcription polymerase chain reaction 
(RT-PCR) and detected no vaccine replication in peripheral blood 
mononuclear cells (PBMCs) or plasma nor shedding in the oral or 
nasal excretions or urine (tables S1 and S2), as reported previously 
(10), reinforcing the apparent safety of MeV-NP.

Antibody responses are induced after MeV-NP 
immunization
We measured the induction of LASV-specific immunoglobulin 
M (IgM) and IgG after immunization using whole LASV antigens. 
Two of the three monkeys in the VB and VN groups showed detect-
able IgM activity against the whole antigens of the homologous 
LASV lineage IV at day 14 at a low dilution, whereas no IgM was 
detected for the CB or VB groups (Fig. 2A, top). We also assessed 
the presence of IgM directed against heterologous lineages II and 
VII in these monkeys and only detected a low titer of IgM directed 
against lineage VII in one VB monkey (Fig. 2A, middle). No mon-
keys developed IgM responses against lineage II (Fig. 2A, bottom).

During the immunization period, all monkeys in the VB and VN 
groups developed an IgG response against the whole antigens of the 
homologous lineage IV between days 14 and 37 (Fig. 2B, top), and 
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the three monkeys in the VB group also produced heterologous 
LASV-specific IgG with the same kinetics (Fig. 2B, middle). How-
ever, no lineage II–specific IgG was detected in VN monkeys 
(Fig. 2B, bottom). To improve the sensitivity of detection and deter-
mine the respective contribution of LASV NP and GP in the hu-
moral responses, we also used recombinant antigens. VB and VN 
monkeys all produced IgG recognizing NP lineage IV by day 14 or 
25 (Fig.  2C, top) and cross-reacting with NP lineage II at day 25 
(Fig. 2D, top). IgG recognizing GP lineage IV at day 25 (Fig. 2C, 
bottom) was detected in one monkey from each VB and VN groups. 
IgG of two VB monkeys and one CN also cross-reacted with GP 
lineage II at day 25 (Fig. 2D, bottom).

Two of the three monkeys in the VJ-P and VJ-PB groups pro-
duced homologous LASV-specific IgM by day 16, and one monkey 

in the VJ-P group still exhibited a low titer 
at day 35 (Fig. 2E). None of the three CJ 
controls developed LASV-specific IgM 
(Fig. 2E). Homologous LASV-specific 
IgG against GP and NP also appeared in 
all monkeys in the VJ-P and VJ-PB groups 
between days 16 and 35 and were de-
tected up to 317 days after immuniza-
tion (DPI) (Fig. 2F). Concentrations of 
anti-GP (Fig. 2F, left) and anti-NP 
(Fig. 2F, middle) IgG were similar be-
tween the VJ-P and VJ-PB monkeys. The 
concentrations of IgG against LASV 
Josiah were significantly higher for the 
VJ-PB than VJ-P monkeys between 44 
and 163 DPI (P = 0.0286; Fig. 2F, right).

T cell responses induced after 
immunization
LASV-specific T cells from whole blood 
were analyzed after immunization by 
quantifying the CD8+ and CD4+ T cells 
producing interferon- (IFN-) or tu-
mor necrosis factor– (TNF-) after 
stimulation with overlapping peptides 
covering all of LASV GPC and NP. A low 
number of T cells produced cytokines 
14 or 25 DPI during the cross-protection 
experiment (Fig. 3, A and B). A low 
but statistically significant production 
was observed by CD8+ T cells in re-
sponse to Josiah or Benin LASV GPC 
peptides at days 14 and 25, respectively 
(P = 0.037 and P = 0.048, respectively; 
Fig. 3A). Otherwise, the production of 
cytokines in response to the various LASV 
strains was variable, except for CD4+ 
T cells at day 25, when a similar percentage 
of cytokine-producing cells was observed 
in response to Josiah-, Benin-, or Nigeria- 
derived GPC and NP peptides (Fig. 3B). 
The LASV-specific T cells produced 
mainly TNF- only, but a proportion of 
T cells expressed both TNF- and IFN- 
or IFN- alone, primarily in response to 

Josiah and Benin GPC peptides (Fig. 3C).
When we isolated samples from monkeys in the long-term vac-

cination experiment, we found that the peak of the T cell response 
occurred 35 DPI for VJ-P monkeys, with 0.3 to 0.5% of CD8+ and 
CD4+ T cells producing cytokines in response to GPC and NP pep-
tides from LASV Josiah and AV, a strain representative of lineage V 
(Fig. 3, D and E) (28), with a significant difference as compared to 
CJ monkeys for NP-specific CD8+ T cells (P = 0.046 and P = 0.012, 
respectively; Fig. 3E, top left). We also observed significant differ-
ences as compared to CJ monkeys for CD8+ responses against Josiah 
NP peptide stimulation at day 23 (P = 0.007) and for CD4+ T cell 
responses after AV NP peptide stimulation at day 16 (P = 0.002) 
(Fig. 3E, left). The peak T cell responses in prime-boost monkeys 
were measured at day 42, or 7 days after the boost, with 0.2 to 0.5% 

Fig. 1. Outline of the experiments. (A) Scheme presenting the time of immunization, sampling, challenge, and 
necropsy for the four groups of the cross-protection study. Prime immunizations are indicated by blue arrows. Black 
arrows indicate sampling, and purple arrows indicate the time of challenge. Red arrows point to the day of necropsy, 
and the number of animals euthanized is indicated. VB, MeV-NP immunization, Benin lineage VII challenge; VN, MeV-
NP immunization, Nigeria lineage II challenge; CB, MeV immunization, Benin lineage VII challenge; CN, MeV immuni-
zation, Nigeria lineage II challenge. (B) Scheme presenting the time of immunization, sampling, challenge, and 
necropsy for the four groups of the long-term protection study. Prime immunizations are indicated by a blue arrow, 
and boost immunizations are indicated by an orange arrow. Black arrows indicate sampling, and purple arrows indi-
cate the time of challenge. Red arrows point to the day of necropsy, and the number of monkeys euthanized is indi-
cated. VJ-P, MeV-NP immunization, Josiah lineage IV challenge, prime only; VJ-PB, MeV-NP immunization, Josiah 
lineage IV challenge, prime-boost; CJ, VJ-P, prime-boost.
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of CD8+ and CD4+ T cells producing cytokines in response to Josiah 
and AV GPC and NP peptides (Fig.  3,  D and E). We observed a 
statistically significant difference between VJ-PB–vaccinated and CJ 
monkeys for the Josiah GPC–specific CD8+ T cells and for the AV 
GPC–specific CD4+ T cells (P = 0.023 and P = 0.041, respectively; Fig. 3D, 
right). A large proportion of AV NP–specific cytokine-producing 
CD8+ T cells were also observed 16 and 35 days after the prime im-
munization as compared to CJ monkeys (P = 0.015 and P = 0.021, 
respectively; Fig. 3E, top right). Again, TNF- was the main cyto-
kine detected at the peak of the response, but a small proportion of 
T cells from prime-only monkeys produced both TNF- and IFN- 

in response to NP (Fig. 3F). The T cell responses were more diversi-
fied at 140 DPI, with the appearance of both TNF-+ IFN-+ and 
TNF-− IFN-+ T cells, except for Josiah GPC peptides and CD4+ T cells 
(Fig. 3F).

Memory T cell responses were also analyzed in PBMCs collected 
at 317 DPI by stimulating cells with Josiah GPC– or Josiah NP–
derived peptides and analyzing the expression of activation molecules 
4 days after (Fig. 3, G to I). A higher percentage of CD8+ T cells 
from VJ-P and VJ-PB monkeys expressed Granzyme B (GrzB) and 
perforin (Perf) in response to GPC peptides (Fig. 3G, left) and from 
VJ-PB monkeys compared to CD8+ T cells from CJ monkeys in 

Fig. 2. Antibody responses induced after immunization of cynomolgus monkeys. (A) Detection of LASV-specific IgM against lineage IV (top), lineage VII (middle), and 
lineage II (bottom) in VB, CB, VN, and CN monkeys by ELISA. (B) Detection of LASV-specific IgG against lineage IV (top), lineage VII (middle), and lineage II (bottom) in VB, 
CB, VN, and CN monkeys by ELISA. (C) Detection of NP lineage IV (top)– and GP lineage IV (bottom)–specific IgG in VB and VN monkeys by ELISA. (D) Detection of NP 
lineage II (top)– and GP lineage II (bottom)–specific IgG in VB and VN monkeys by ELISA. For (A) to (D), each point represents the means ± SEM of three samples. 
(E) Detection of LASV- specific IgM against lineage IV in VJ-P, VJ-PB, and CJ monkeys by ELISA. (F) Detection of NP lineage IV, GP lineage IV, and LASV lineage IV IgG in 
VJ-P, VJ-PB, and CJ monkeys by ELISA. Each point represents the means ± SEM of four samples for VJ-P and VJ-PB and three samples for the CJ controls. Statistical significance: 
*P ≤ 0.05, Mann-Whitney test.
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response to NP peptides (Fig.  3G, right). A higher percentage of 
CD8+ and CD4+ T cells expressing the T cell costimulation mole-
cule CD137 (29) in response to NP were also detected in PBMCs 
from VJ-P and VJ-PB monkeys at 317 DPI compared to T cells from 

CJ monkeys (Fig. 3H), and a higher proportion of CD4+ T cells from 
vaccinated monkeys expressed human leukocyte antigen (HLA)–
DR in response to both GPC and NP compared to CD4+ T cells 
from CJ monkeys (Fig. 3I).

Fig. 3. T cell responses induced 
after immunization of cynomolgus 
monkeys. (A and B) Quantification 
of CD8+ (A) and CD4+ (B) T cells 
specific for LASV GPC (top) and NP 
(bottom) peptides. The percentage 
of T cells producing TNF- or IFN- 
in response to peptide stimulation 
among total CD8+ or CD4+ T cells 
is presented according to the time 
after immunization after subtrac-
tion of the respective value mea-
sured for unstimulated T cells that 
represent the background T cell 
response. Each bar represents the 
means ± SEM of six monkeys for 
LASV Josiah–derived peptides and 
three monkeys for LASV Benin– and 
LASV Nigeria–derived peptides. 
The dashed lines represent the 
percentage of T cells from control 
monkeys producing cytokines in 
response to LASV peptides before 
challenge (mean of 10 samples) 
(C) Pie chart representation of the 
proportion of each subpopulation 
of cytokine-positive CD8+ and CD4+ 
T cells responding to GPC or NP 
stimulation. (D) Quantification of 
CD8+ (top) and CD4+ (bottom) 
T cells specific for LASV GPC pep-
tides in primed monkeys (left) or 
primed-boosted monkeys (right). 
(E) Quantification of CD8+ (top) 
and CD4+ (bottom) T cells specific 
for LASV NP peptides in primed 
monkeys (left) or primed-boosted 
monkeys (right). For (C) and (D), 
the percentage of T cells produc-
ing TNF- or IFN- in response to 
peptide stimulation among total 
CD8+ or CD4+ T cells is presented 
according to the time after immu-
nization after subtraction of the 
respective value measured for un-
stimulated T cells. Each bar rep-
resents the means ± SEM of eight 
samples. Statistical significance: 
*P ≤ 0.05, **P ≤ 0.01, one-way ANOVA.  
The dashed lines represent the per-
centage of T cells from control mon-
keys producing cytokines in response 
to LASV peptides before challenge 
(mean of eight samples) (F) Pie chart representation of the proportion of each subpopulation of cytokine-positive CD8+ and CD4+ T cells responding to GPC or NP stimu-
lation. (G to I) LASV-specific T cell responses were evaluated in PBMCs isolated from immunized monkeys at 317 days after immunization. The proportion of GrzB or 
perforin-expressing CD8+ and CD4+ T cells (G), CD137-expressing CD8+ and CD4+ T cells (H), or HLA-DR–expressing CD4+ T cells (I) in response to LASV Josiah GPC– and 
LASV Josiah NP–derived peptides is shown. Data are presented as the percentage of cells expressing the indicated marker in response to peptide stimulation minus the 
percentage of expressing cells in response to mock stimulation for CJ (gray bars), VJ-P (red bars), and VJ-PB (blue bars). Each bar represents the means ± SEM of three (CJ) 
or four samples (VJ-P and VJ-PB) of PBMCs obtained 317 days after immunization.
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A single shot of MeV-NP protects monkeys against 
heterologous strains and induces long-term protection
At the end of the immunization phase, three control (CB) and three 
immunized monkeys (VB) were challenged with a subcutaneous 
injection of 3000 focus-forming units (FFU) of the heterologous 
LASV Benin strain (lineage VII) (table S3). In addition, three con-
trol (CN) and three immunized monkeys (VN) were challenged by 
the same route with 3000 FFU of the heterologous Nigeria LASV 
strain (lineage II) (table S3). Three control (CJ), four prime-only 
immunized (VJ-P), and four prime-boost immunized monkeys 
(VJ-PB) received 1500 FFU of LASV Josiah (lineage IV) by the sub-
cutaneous route. The monkeys were then monitored for up to 30 days 
and attributed clinical scores based on their body temperature, weight, 
food and water intake, behavior, and clinical signs, with a score of 
15 being the end point for euthanasia.

The clinical scores of the three CB controls showed an increase 
by day 6, and they were euthanized before day 15, whereas all VB 
monkeys survived the infection (Fig.  4A, left). The CB controls 
showed signs of aggressiveness and stress by day 4 after challenge, 
and their tonus was lower by day 7, accompanied by dehydration. 
Their body temperature started to increase by day 3 and remained 
elevated until day 9, before decreasing for all monkeys until the time 
of euthanasia (Fig. 4B). By day 12, CB-2 and CB-3 were asthenic and 
started shivering, and CB-1 had to be euthanized because of a body 
temperature below 35°C, which represents a mandatory end point 
(Fig. 4A, top left, pink line). CB-3 was euthanized on day 14 for the 
same reason (Fig. 4A, top left, light blue line), whereas CB-2 was 
euthanized on day 15 with a severe hypothermia below 32°C 
(Fig. 4, A and B, top left, dark blue line). In contrast, VB monkeys 
had consistently low clinical scores that reached their highest point 
around day 9 (Fig.  4A, bottom left). They did not show marked 
changes in body temperature (Fig. 4B, bottom left) but showed less 
tonus and were moderately dehydrated between days 8 and 10.

The three CN controls also showed signs of stress, dehydration, 
and asthenia during the first 9 days but then presented different 
clinical pictures (Fig. 4A, top right). The clinical score of CN-1 
(pink line) rapidly increased from day 9, when its body temperature 
reached a maximum (Fig. 4B, top right, pink line), and was eutha-
nized at day 12 after 2 days with a continuous nosebleed and severe 
diarrhea. The clinical score of CN-3 (Fig. 4A, top right, light blue 
line) also increased rapidly from days 9 to 12, but it survived to 
day 20 and was euthanized after showing severe balance problems for 
two consecutive days. The peak in the clinical score coincided with 
a peak in body temperature at day 9 (Fig. 4B, top right, light blue 
line). The clinical score of CN-2 (Fig. 4A, top right, dark blue line) 
increased more slowly up to day 15, reaching a score of 8, but then 
remained stable for a week and decreased thereafter. This monkey 
survived the infection without any measurable fever (Fig. 4B, top 
right, dark blue line) and was euthanized at the end of the protocol 
with a score of 5. By contrast, none of the VN monkeys developed 
any signs of disease. They all survived the infection, with clinical 
scores remaining below 3 (Fig.  4A, bottom right) and without 
showing evidence of hyperthermia (Fig. 4B, bottom left). MeV-NP 
therefore protects monkeys against heterologous LASV strains from 
lineages II and VII after a single immunization.

For monkeys infected to assess long-term vaccine-mediated pro-
tection, we also evaluated clinical score and body temperature. The 
three CJ controls were euthanized between days 12 and 14 (Fig. 4C, 
top), and all presented clinical signs of Lassa fever including diarrhea, 

dehydration, and low tonus, as well as a high body temperature be-
tween days 6 and 12 (Fig. 4D, top). Between days 12 and 14, CJ-1 
had bleeding gums and balance problems and was euthanized on 
day 14 due to a body temperature below 35°C (Fig. 4, C and D, top, 
pink lines). CJ-2 (Fig. 4C, top, dark blue line) was euthanized on 
day 12 after losing consciousness and convulsing. CJ-3 experienced 
epistaxis and shivering starting from day 11 and was euthanized on 
day 14 (Fig. 4C, top, light blue line). All VJ-P and VJ-PB monkeys 
survived the infection with clinical scores below 4 (Fig. 4C, bottom). 
Most monkeys in these two groups only showed a transient increase 
in body temperature between days 6 and 12, which was less pro-
longed for VJ-P1 and VJ-PB1 (Fig.  4D, bottom). VJ-PB2 did not 
show any increase in body temperature. Thus, MeV-NP vaccination 
induced long-term protection against the homologous LASV strain 
and a prime-boost immunization regimen had only a limited effect 
on the efficacy of protection relative to prime-only immunization.

The increase in plasma concentrations of alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST), a hallmark of Lassa 
fever, was elevated in monkeys of the CB and CJ groups between 
day 9 and the day of euthanasia but remained remarkably low in the 
CN monkeys (Fig. 4E, top and middle). These differences in ALT 
and AST concentrations were particularly marked at day 12 be-
tween CN and CB monkeys (P = 0.0075 for ALT and P = 0.0371 for 
AST; Fig. 4F). This observation, combined with milder disease in 
CN monkeys, suggests that the lineage II strain used in this study is 
less pathogenic in monkeys than the strains from lineages IV and 
VII. Similarly, the higher ALT and AST concentrations observed in 
the CB monkeys suggest that the lineage VII strain may cause more 
severe disease than the two other strains. ALT and AST concentra-
tions remained low in all MeV-NP immunized monkeys (VB, VN, 
VJ-P, and VJ-PB). The concentration of C-reactive protein (CRP) 
in the blood peaked at the time of death in all controls, except for 
CN-2, whose CRP concentration peaked at day 15, remained high 
at day 22, and then fell to normal values by the end of the experi-
ment (Fig. 4E, bottom). The CRP concentration peaked at day 9 for 
all MeV-NP–vaccinated monkeys and then decreased by day 15, 
suggesting that they had cleared LASV infection. Only VB-2 showed 
a transient rebound in CRP concentration at day 22 (Fig. 4E, bot-
tom left). The other biological parameters did not differ between the 
control and MeV-NP–vaccinated monkeys, except for an increase 
in the urea concentration for the control monkeys shortly before 
death (fig. S1, A to C). The CJ monkeys also showed higher concen-
trations of lactate dehydrogenase (LDH) in the blood than the VJ-P 
and VJ-PB monkeys (P < 0.0001 at day 12) and low albumin (ALB) 
concentrations at the time of death (fig. S1D). Thus, MeV-NP 
vaccination prevented the appearance of biological dysfunction as-
sociated with Lassa fever in monkeys.

Control of LASV replication in immunized monkeys
We measured the number of infectious particles (Fig. 5, A and B) 
and copies of viral RNA (Fig. 5, C and D) in the plasma and swabs 
of all monkeys. Viremia increased substantially until the time of 
death from day 3 for the CB controls or day 6 for the CN and CJ 
controls for all controls that were euthanized before day 15, reach-
ing infectious titers between 105 and 106 FFU/ml of plasma (Fig. 5, A 
and B, top; and fig. S2, A and B, top), with corresponding amounts 
of viral RNA between 108 and 109 copies/ml (Fig. 5, C and D, top; 
and fig. S2, C and D, top). CN-3 showed lower viremia, about 
105 FFU/ml of plasma, which did not increase by the time of death on 
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Fig. 4. Clinical monitoring of immunized monkeys after an LASV challenge. (A) Clinical scores of individual monkeys from groups VB, CB, VN, and CN after challenge 
with LASV Benin (VB and CB) or LASV Nigeria (VN and CN) in the cross-protection experiment. (B) Monitoring of body temperature by rectal measurement during the 
course of LASV Benin and LASV Nigeria infections. Individual data are presented for each monkey. (C) Clinical scores of individual monkeys from groups VJ-P, VJ-PB, and 
CJ after the challenge with LASV Josiah in the long-term experiment. (D) Monitoring of body temperature by real-time measurement during the course of LASV Josiah 
infection. Individual data are presented for each monkey. (E) Analysis of biological parameters during the course of LASV infection. Each point represents the means ± SEM 
of three (VB, VN, CB, CN, and CJ) or four samples (VJ-P and VJ-PB) for the ALT, AST, and CRP concentrations, except for individualized points representing the values of one 
monkey. For statistical purposes, data collected from monkeys euthanized on day 14 were compared to data collected on day 15 for the other monkeys and data collect-
ed at the end of the experiment (days 28 to 30) were compared with each other. (F) ALT (top) and AST (bottom) concentrations in control monkeys at day 12 after chal-
lenge. Statistical significance: *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001, one-way ANOVA.
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Fig. 5. LASV replication in cynomolgus monkeys. (A) Quantification (in FFU per milliliter) of LASV infectious particles in plasma (top), nasal swabs (middle), or oral swabs 
(bottom) according to the time after challenge with LASV Benin (VB and CB) or LASV Nigeria (VN and CN) in the cross-protection study. (B) Quantification (in FFU per 
milliliter) of LASV infectious particles in plasma (top), nasal swabs (middle), or oral swabs (bottom) according to the time after challenge with LASV Josiah in the long-term 
experiment. (C) Quantification of viral load by RT–quantitative PCR in the plasma (top), nasal swabs (middle), or oral swabs (bottom) according to the time after challenge 
with LASV Benin (VB and CB) or LASV Nigeria (VN and CN) in the cross-protection study. (D) Quantification of viral load by RT–quantitative PCR in the plasma (top), nasal 
swabs (middle), or oral swabs (bottom) according to the time after challenge LASV Josiah in the long-term experiment. Each point represents the means ± SEM of three 
(VB, VN, CB, CN, and CJ) or four samples (VJ-P and VJ-PB), except for individualized points representing the values of one monkey. For statistical purposes, data collected 
from monkeys euthanized on day 14 were compared to data collected on day 15 for the other monkeys, and data collected at the end of the experiment (days 28 to 30) 
were compared with each other. Statistical significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. For (A) and (C), an unpaired t test or a Mann-Whitney test 
was performed after testing normality. For (B) and (D), a one-way ANOVA or a Kruskal-Wallis test was performed after testing normality.
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day 20 (fig. S2B, top right, blue line). CN-2 showed only transient 
viremia, peaking at 1.4 × 103 FFU/ml on day 12, but no more infec-
tious virus was detected in plasma isolated from CN-2 by day 15 
(fig. S2B, top right, red line). We detected only trace amounts of 
viral RNA in the plasma of this monkey between day 15 and the end 
of the experiment (fig. S2D, top right, red line). Infectious titers and 
viral RNA were also detected between days 9 and 15 in the oral or 
nasal swabs of most controls but at lower amounts than the concen-
trations found in plasma (Fig. 5, A to D, middle and bottom). We 
only detected a small number of infectious particles (300 FFU/ml) 
in the oral swab of CN-2 (fig. S2B, bottom right, red line) and a low 
number of viral RNA copies in swabs between days 9 and 12 (fig. 
S2D, middle and bottom right, red line). CN-2 had thus controlled 
and cleared the infection by day 15.

We measured low transient viremia (below 104 FFU/ml) and low 
infectious titers in swabs (below 103 FFU/ml) of vaccinated VB 
monkeys between days 6 and 9 and viral RNA in low quantities be-
tween days 3 and 15 (Fig. 5, A and C, top left; and fig. S2, A and C). 
We also detected a low degree of viremia, peaking at 600 FFU/ml, 
and a low copy number of viral RNA in the plasma and swabs of 
VN-1 (fig. S2B, top left, orange line). None of the other vaccinated 
VN monkeys had detectable infectious titers or viral RNA in their 
fluids at any time of the experiment (Fig. 5, A and C, right; and fig. 
S2, B and D). No infectious titers were found in the fluids of the 
VJ-P or VJ-PB monkeys, except for a low number of infectious par-
ticles in the nasal secretions on day 6 for VJ-P1 (700 FFU/ml) and 
day 9 for VJ-PB3 (200 FFU/ml) (Fig.  5B, middle, and fig. S3A). 
However, we could still detect low amounts of viral RNA in the fluids 
of all monkeys, except VJ-PB2, between days 3 and 15 (Fig. 5D, 
right, and fig. S3B).

We also determined infectious titers and viral loads within 
several organs at the time of necropsy (fig. S4, A and B). Infectious 
particles and viral RNA were detected in all organs of the control 
monkeys, except for CN-2 (fig. S4, A and B, left). Viral RNA was 
detectable in all organs of the VB and VN monkeys (fig. S4A, middle 
and right) but not for all those of the VJ-P and VJ-PB monkeys (fig. 
S4B, middle and right). The presence of viral RNA was not associated 
with infectious titers, except for very low titers (<20 FFU/ml) in the 
lymphoid organs and liver of one CB and two CN monkeys 
(fig. S4A, left).

As viral RNA was detected in the brain of most vaccinated 
monkeys at the time of necropsy, we evaluated them for neurologic 
sequelae through anatomopathological analyses. We performed 
immunohistochemistry to identify presence of viral antigens in the 
brains of autopsied monkeys (fig. S5). All controls except CN-2 (fig. 
S5A, top right) had LASV-infected endothelial cells in their brain. 
Brains isolated from vaccinated monkeys did not exhibit any viral 
antigen staining after a heterologous (fig. S5A) or a homologous 
challenge (fig. S5B) at the time of necropsy. Thus, a single shot of 
MeV-NP led to control of viral replication in monkeys infected with 
heterologous strains from lineages II and VII or in monkeys infected 
with a homologous strain more than a year after immunization, 
demonstrating the induction of a long-term immunity.

Antibody responses induced after LASV challenge
We next sought to gain further insight into the mechanism of pro-
tection. To do so, we determined the LASV-specific immunoglobulin 
titers in monkeys after infection. In VB monkeys, the LASV-specific 
IgG titers against the heterologous strain from lineage VII rapidly 

rose from day 3 to reach a maximum at day 9 after challenge (Fig. 6A, 
top, orange line). We observed a similar increase in the IgG titers 
against the lineage II strain for the VN monkeys (Fig. 6A, middle, 
red line). The VB and VN monkeys also produced high titers of 
lineage IV–specific IgG at day 9 (Fig. 6A, bottom, orange and red 
lines). LASV-specific IgG directed against whole antigens of the 
heterologous lineages II and VII or homologous lineage IV also ap-
peared in the control monkeys at day 6 in CN monkeys (blue lines) 
and at day 9 in CB monkeys (gray lines) (Fig. 6A, bottom). By the 
time of death, all CB and CN controls had IgG titers similar to those 
of the VB and VN monkeys. We also measured the titers of IgG di-
rected specifically against LASV NP and GP antigens (Fig. 6B). Titers 
reached their maximum concentrations between days 9 and 12 after 
challenge for both the VB and VN monkeys. In controls, anti-NP 
and anti-GP IgG reached similar titers by the time of death, but their 
appearance was delayed compared to vaccinated monkeys.

The homologous response against lineage IV reached a maxi-
mum on day 15 for the VJ-P and VJ-PB monkeys (Fig. 6C, top, red 
and blue lines), and LASV-specific IgG also cross-reacted with lin-
eage VII and lineage II antigens (Fig. 6C, middle and bottom, red 
and blue lines). A few monkeys in these two groups had titers of IgG 
cross-reacting with lineage II at the time of challenge. The concen-
trations of LASV-specific IgG for the CJ monkeys increased from 
day 6 to the time of death, but their appearance was delayed com-
pared to VJ-P and VJ-PB monkeys (Fig. 6C, gray lines). Plasma from 
all VJ-P– and VJ-PB–vaccinated monkeys contained LASV NP– and 
LASV GP–specific IgG at the time of challenge (Fig. 6D). Antibody 
titers were significantly higher in VJ-P and VJ-PB monkeys com-
pared to controls at day 9 for NP (P = 0.0167; Fig. 6D) and day 12 
for GP (P = 0.0173; Fig. 6D). In CJ controls, anti-NP IgG and 
anti-GP IgG were detected at days 9 and 12, respectively (Fig. 6D). 
Whereas anti-NP IgG reached similar titers in vaccinated and con-
trol monkeys by the time of death, anti-GP IgG remained signifi-
cantly lower in controls (P = 0.0195; Fig. 6D).

We assessed the neutralizing potential of the anti-LASV antibodies 
produced in these monkeys. VB and VN monkeys had no neutral-
izing antibodies (NAbs) against heterologous or homologous lineages 
at the time of challenge (Fig. 6E), with the exception of VN-2, which 
had a low NAb titer directed solely against the homologous lineage IV 
(Fig. 6E, right). However, NAbs specific for the homologous and 
heterologous lineages were detected for all VB and VN monkeys by 
day 15 and persisted for most monkeys until day 28 (Fig. 6E, orange 
and red circles). No CB monkeys developed NAbs against lineage VII 
(Fig. 6E, left, blue circles) or lineage IV (Fig. 6E, right, blue circles) 
before death. CN-1 did not develop NAbs against lineage II or IV, 
but CN-2 and CN-3 produced NAbs against both lineages at the 
time of euthanasia (day 28 for CN-2 and day 20 for CN-3) (Fig. 6E, 
gray circles). CJ monkeys never developed NAbs, whereas all VJ-P 
and VJ-PB monkeys showed neutralizing titers against the homologous 
strain by day 15 (Fig. 6F), with VJ-P2 demonstrating the highest 
neutralizing titer at day 15. MeV-NP vaccination induced the rapid 
production of cross-reactive and neutralizing anti-LASV antibodies 
after challenge in monkeys.

To evaluate the non-neutralizing functions of anti-LASV anti-
bodies during the course of infection, we performed an antibody- 
dependent cell cytotoxicity (ADCC) assay on plasma samples 
collected before challenge or at several time points after challenge 
(30). In monkeys challenged with heterologous strains (Fig. 6G), the 
proportion of CD107a-expressing natural killer (NK) cells increased 
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Fig. 6. Analysis of the antibody responses induced after LASV infection. (A) Detection of postchallenge LASV lineage–specific IgG in VB, VN, CB, and CN monkeys by 
ELISA. Each point represents the means ± SEM of three samples except for control monkeys at day 15 or later. Individual points represent the value of one monkey. Statis-
tical significance: *P ≤ 0.05, Kruskal-Wallis test. (B) Detection of postchallenge NP lineage IV– and GPC lineage IV–specific IgG in VB, VN, CB, and CN monkeys by ELISA. Each 
point represents the means ± SEM of three samples except for control monkeys at day 15 (two monkeys). (C) Detection of postchallenge LASV lineage–specific IgG in CJ, 
VJ-P, and VJ-PB monkeys by ELISA. Each point represents the means ± SEM of four (VJ-P and VJ-PB) or three samples (CJ). (D) Detection of postchallenge NP lineage IV and 
GPC lineage IV IgG in CJ, VJ-P, and VJ-PB monkeys by ELISA. Each point represents the means ± SEM of three samples except for control monkeys at day 15 (two monkeys). 
Statistical significance: *P ≤ 0.05, Kruskal-Wallis test. The red asterisks indicate differences between VJ-P and CJ, and the blue asterisks indicate differences between VJ-PB 
and CJ. (E and F) Quantification of NAbs in the plasma according to the time after LASV infection in monkeys of the cross-protection study (E) and monkeys of the long-
term study (F). Individual data of the monkeys represent the highest dilution of plasma showing more than 50% neutralizing activity. (G and H) Analysis of antibody- 
dependent cell cytotoxicity induced by immunoglobulins after challenge in monkeys of the cross-protection study (G) and of the long-term study (H). Results are expressed 
as the percentage of NK cells [defined as CD3− CD20− CD8+ cells among PBMC as previously described (35)] expressing CD107a after culture in the presence of CB, CN, VB, 
VN, CJ, VJ-P, and VJ-PB plasma in Josiah LASV GPC–coated microplates minus the percentage of CD107a-expressing NK cells when culture was performed with the same 
plasma in Ebola virus GPC-coated microplates, as negative antigen. For statistical purposes, data collected from monkeys euthanized on day 12 or 14 were compared to 
data collected on day 15 for the other monkeys and data collected at the end of the experiment (days 28 to 30) were compared with each other. A t test was used to 
compare control and immunized monkeys for lineages II and VII at 0, 6, and 15 days after infection and to compare VN and VB (G). Statistical significance (P ≤ 0.05) was 
indicated with a black asterisk and the compared groups of monkeys indicated above (H). A one-way ANOVA test was used for day 0, 6, and 15 to compare CJ, VJ-P, and 
VJ-PB at each time point and a t test was used to compare only VJ-P and VJ-PB at day 28, and a significant difference (P ≤ 0.05) between CJ and VJ-P is indicated with black 
asterisks (H).
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between days 0 and 15 when incubated with plasma of all monkeys 
except for VN monkeys, for which a significantly lower activity than 
for CN was measured at day 15 (P  =  0.027; Fig.  6G). Significant 
differences were also observed at days 0 and 28 between immunized 
monkeys (P = 0.034 at day 0 and P = 0.039 at day 28; Fig. 6G). With 
the plasma from monkeys challenged 1 year after vaccination, the 
proportion of CD107a-expressing NK cells also increased between 
days 0 and 15 in VJ-PB and CJ monkeys, but not in VJ-P monkeys 
(Fig. 6H). After incubation with plasma from VJ-P monkeys, the 
proportion of CD107a-expressing NK cells was higher than in CJ at 
day 6 (P = 0.025) and decreased over time.

T cell responses induced after challenge
After the challenge with heterologous LASV strains, we detected 
T cells producing cytokines in response to Josiah GPC peptides be-
ginning at 9 days after infection for immunized monkeys (Fig. 7, A 
and B). In VB and VN monkeys, CD8+ T cell responses induced by 
LASV Nigeria GPC– and LASV Benin GPC–derived peptides were 
delayed compared to LASV Josiah GPC peptides (Fig. 7C), whereas 
similar kinetics were observed for CD4+ T cell responses after stim-
ulation with GPC peptides derived from the different LASV strains 
(Fig. 7D). We detected CD8+ T cells producing cytokines in response 
to Josiah NP peptides at 12 days after infection for all immunized 
monkeys, starting at day 9 after infection in VB monkeys (Fig. 7E). 
The CD8+ T cell responses induced by LASV Benin NP– or LASV 
Nigeria NP–derived peptides were negligible (Fig. 7F). The T cell 
responses were negligible for control monkeys, except for the two 
CN monkeys who survived longer, for which some cytokine-producing 
T cells were detected at the time of death, mainly CD8+ T cells re-
sponding to LASV GPC peptides (Fig. 7, A and B). In contrast to the 
postimmunization responses, most CD8+ T cells produced only 
IFN-, and some produced both TNF- and IFN- (Fig. 7, A, C, E, 
and F, pie charts). The same was true for CD4+ T cells, but a larger 
proportion of TNF-+ IFN-+ cells was induced (Fig. 7, B and D, 
pie charts).

We also observed cytokine-producing T cells from 9 days after 
infection in monkeys challenged 1 year after immunization, with 
0.4 to 0.7% responding CD8+ and CD4+ T cells after stimulation 
with GPC- and NP-derived peptides by day 12, when the peak of 
T cell responses was observed (Fig. 8). Thereafter, the T cell response 
decreased over time. A similar percentage of CD8+ T cells produced 
cytokines in response to Josiah GPC peptides 12 days after infection 
was observed in both VJ-P and VJ-PB monkeys, but only VJ-P 
monkeys presented a significant increase in the percentage compared 
to CJ monkeys (P = 0.041; Fig. 8A). In response to Josiah NP pep-
tides, the production of cytokines by CD8+ T cells from VJ-P and 
VJ-PB was not significant and presented a large variability (P > 0.05; 
Fig. 8B). Although the percentage of CD4+ T cells producing cyto-
kines in response to Josiah GPC peptides was similar between VJ-P 
and VJ-PB at day 12 after infection, responding cells appeared ear-
lier in VJ-P compared to VJ-PB (Fig. 8C). In response to Josiah NP 
peptides, a significantly higher percentage of CD4+ T cells produced 
cytokines in VJ-PB monkeys compared to CJ monkeys (P = 0.036; 
Fig. 8D). In contrast, negligible T cell activation was observed for 
control monkeys during the whole course of LASV infection 
(Fig. 8, A to D). Overall, the prime-boost immunization regimen 
did not improve T cell responses over those induced by prime-only 
vaccination. Again, the responses mainly consisted of TNF-− 
IFN-+ CD8+ T cells and TNF-− IFN-+ and TNF-+ IFN-+ CD4+ 

T cells (Fig. 8, pie charts). Similar percentages of CD4+ T cells ex-
pressed CD154, a costimulation molecule expressed by antigen-specific 
CD4+ T cells (31), after stimulation with GPC- and NP-derived 
peptides for all immunized monkeys (Fig. 8E). The peak of expres-
sion of CD154 was observed 12 days after infection in response to 
Josiah GPC and NP peptides, and thereafter decrease over time, as 
observed with production of cytokines. Again, there was no differ-
ence in the intensity of the response between the prime-only and 
prime-boost regimens (P > 0.05; Fig. 8E).

DISCUSSION
Here, we demonstrated the ability of the MeV-NP vaccine to pro-
tect against divergent LASV strains and confer long-term immunity 
after a single shot. The large and increasing genetic diversity of 
LASV strains is challenging, and a vaccine should confer full pro-
tection against existing and emerging LASV strains. New viral lin-
eages have recently emerged (7), and the circulation area of LASV is 
expanding (32, 33). We chose to use LASV strains belonging to lin-
eages II and VII that were isolated in 2016 (7). Our rationale was 
that lineage II, along with the closely related lineage III, represents 
the strains circulating in Nigeria, the most highly endemic country 
for Lassa fever. Lineage VII is highly divergent from the Josiah strain 
used to generate our vaccine but is also interesting because of its 
recent emergence and high degree of lethality in humans, estimated 
to be between 30 and 50% (7). Lineage VI viral strains have never 
been associated with human cases, and lineage V strains are close to 
those of lineage IV and present lower pathogenicity in monkeys 
(34, 35). Therefore, the protection achieved against lineage II and 
lineage VII LASV strains suggests that the MeV-NP vaccine would 
be efficient against all circulating strains of LASV capable of infect-
ing humans. Previous studies used lineage I, lineage II, homologous 
lineage IV, or closely related lineage V strains (17, 19, 36, 37). We 
show that the lineage VII LASV strain is highly pathogenic in monkeys, 
with a uniformly lethal Lassa fever at least as severe as that caused 
by the Josiah strain. In contrast, the lineage II strain used in this 
study, LASV Nigeria, appears to be less severe in nonhuman pri-
mates, with one control monkey surviving acute Lassa fever and the 
death of another delayed relative to that caused by the other strains.

We used two different routes of vaccine inoculation during these 
experiments. The monkeys challenged with heterologous strains 
were immunized using the same subcutaneous route and dose as 
that used for the first preclinical evaluation (10), and, as previously 
reported, neither adverse effects nor vaccine shedding or viremia 
were observed. Lower doses of vaccine and the intramuscular route 
are used for clinical trials in humans. Thus, monkeys challenged 
1 year after immunization received either 105 (prime-boost) or 106 
(prime only) TCID50 by the intramuscular route, 105 corresponding 
to the highest dose used in the phase 1 study in humans. Neither 
shedding nor adverse effects were observed. Overall, these data con-
firm the safety of the MeV-NP vaccine in monkeys.

As previously reported (10), inconsistent LASV IgM responses 
were induced after immunization with MeV-NP, and no NAbs 
were detected. IgG specific for LASV-derived antigens appeared at 
low titers after vaccination in the prime-only regimen but with dif-
ferent kinetics depending on the route of immunization. Although 
LASV IgG was detected 2 to 3 weeks after immunization by the sub-
cutaneous route, they appeared later when the intramuscular route 
was used. The reason for this discrepancy is unclear, as IgG directed 
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Fig. 7. T cell responses induced in cynomolgus monkeys challenged 1 month after immunization. (A to D) Quantification of the proportion of CD8+ (A) and CD4+ (B) 
T cells specific for LASV GPC peptides derived from Josiah LASV or of CD8+ (C) and CD4+ (D) T cells specific for LASV GPC peptides derived from Benin or Nigeria LASV. 
(E and F) Quantification of CD8+ T cells specific for LASV NP peptides derived from Josiah LASV (E) or Benin or Nigeria LASV (F). The percentage of T cells producing TNF- 
or IFN- in response to peptide stimulation among total CD8+ T cells is presented according to the time after challenge after subtraction of the respective value measured 
for unstimulated T cells. Each bar represents the means ± SEM of six samples for Josiah LASV and three samples for Benin and Nigeria LASV. The proportion of each sub-
population of cytokine-positive T cells is presented in the pie charts. An unpaired t test or a Mann-Whitney test was performed after testing normality to compare Benin 
LASV– or Nigeria LASV–infected monkeys.
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Fig. 8. T cell responses induced in cynomolgus monkeys challenged 1 year after immunization. (A and B) Quantification of CD8+ T cells specific for LASV GPC (A) or 
NP (B) peptides derived from Josiah strain. (C and D) Quantification of CD4+ T cells specific for LASV GPC (C) or NP (D) peptides derived from the Josiah strain. The percent-
age of T cells producing TNF- or IFN- in response to peptide stimulation among total CD8+ T cells is presented according to the time after challenge after subtraction 
of the respective value measured for unstimulated T cells. Each bar represents the means ± SEM of eight samples. The proportion of each subpopulation of cytokine-positive 
T cells is presented in the pie charts. Statistical significance: *P ≤ 0.05, one-way ANOVA. (E and F) Percentage of CD4+ T cells expressing CD154 in response to stimulation 
with Josiah GPC (E) or Josiah NP (F) peptides according to the time after challenge. A one-way ANOVA test was used.
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against heterologous antigens were detected from 2 weeks after 
immunization in other studies using the same Schwartz vaccine 
vector and intramuscular route (38–40). IgG directed against both 
GPC and NP expressed by the vaccine was induced at similar con-
centrations and was detected at earlier time points than previously 
observed (10), probably due to the higher sensitivity of the recom-
binant protein-based enzyme-linked immunosorbent assay (ELISA) 
than the native antigen-based assay.

Although 10-fold less MeV-NP particles were injected during 
the prime-boost regimen relative to the prime-only regimen for the 
long-term immunization experiment, the two-dose regimen clearly 
improved the humoral response. IgG induced by Josiah-derived an-
tigens recognized lineage VII antigens, whereas the lack of lineage II 
antigen recognition was probably due to the lower sensitivity of the 
assay, or the low titers of IgG induced after the single immuniza-
tion. The induced humoral responses persisted for at least 1 year 
after the prime-boost immunization, whereas LASV IgG was detected 
in only half of the monkeys at day 317 after a single vaccination and 
in none at 383 DPI. As previously observed (10), a moderate but 
notable percentage of CD8+ and CD4+ T cells producing mainly 
TNF- and not IFN- in response to GPC- and NP-derived pep-
tides circulated after immunization. The intensity of the T cell re-
sponses induced by our vaccine was similar to that observed with 
other candidates in monkeys (18, 41). T cells induced by LASV 
Josiah–derived antigens were able to recognize LASV Benin– and 
LASV Nigeria–derived antigens, confirming that the MeV-NP vac-
cine is able to induce T cells with broad specificity against LASV 
diversity and demonstrating the ability of vaccine-induced T cells to 
cross react with heterologous LASV strains. Such cross-reactivity was 
expected, as common immunodominant peptides have been de-
scribed for T cell responses induced in survivors infected with dif-
ferent LASV lineages (42, 43). A lower percentage of specific T cells 
was observed with heterologous strains compared to Josiah LASV 
in response to NP but not to GPC. This may be due to the lower 
amino acid homology between strains observed for NP than for 
GPC. Nevertheless, this lower recognition of heterologous LASV 
NP is still compatible with the improved efficacy of a vaccine expressing 
both GPC and NP. Several reports suggest that GPC is required for 
an LASV vaccine and that the presence of NP improves efficacy 
(36, 44), particularly if the immunosuppressive exonuclease domain 
of LASV NP is abrogated (10). Having the NP in addition to GPC 
could help to protect against heterologous strains and may induce a 
more durable immunity, as suggested by the efficacy of the ML29 
candidate, also based on the expression of Josiah LASV GPC and 
NP, against lineage II LASV (36).

As for the humoral responses, the kinetics of the T cell responses 
differed according to the immunization routes, with the peak of 
responding T cells observed later after immunization by the intra-
muscular route. Once again, we have no explanation for such a dif-
ference. In contrast to the results obtained for LASV IgG, boosting 
monkeys did not improve T cell responses. The maximum percentage 
of LASV-specific T cells was even measured 1 week later than in 
monkeys that received a single intramuscular shot. This delayed 
response probably resulted from the lower dose of vaccine used for 
the prime-boost regimen. The lack of a boost effect may be due to 
the difference in dose, but similar observations were described for 
other MeV-based vaccine candidates independently of dose differences 
(38,  39), suggesting that T cells might not benefit from a prime-
boost strategy. The production of cytokine by T cells in response to 

LASV-derived peptides was only detected a few weeks after immu-
nization, probably reflecting the effector phase of the response. In 
vitro stimulation of PBMCs with LASV peptides followed by a 
short-term culture demonstrated that memory T cells with cytotoxic 
potential were still present in the circulation 1 year after immuniza-
tion. Therefore, MeV-NP induced humoral and cellular responses 
that persist at least 1 year, even after a single shot.

All immunized monkeys were protected after the challenge, re-
gardless of the LASV strain used, even 1 year after immunization 
for the homologous Josiah strain. The efficacy of a single dose of 
MeV-NP after 1 year is similar to the protection observed when 
monkeys were challenged 1 month after immunization (10), with 
no clinical signs, no alteration of biological parameters, and only a 
transient increase in body temperature. Moreover, infectious LASV 
was not detected in plasma nor in most of the swabs, although we 
detected elevated transient viral RNA load in plasma and swabs, as 
well as residual viral loads in organs as compared to previous studies 
evaluating monkeys challenged 1 month after vaccination. Overall, 
the protection sustained after 1 year was similar for the prime-boost 
regimen, aside from one monkey in the prime-boost group that ex-
hibited sterilizing immunity, suggesting that one–high dose shot 
provides comparable long-term immunity as a two–low dose regi-
men. This is an important finding, as a one-dose vaccine would pro-
vide a valuable advantage in endemic countries to perform mass 
vaccination or a ring vaccination strategy during an outbreak. A 
vaccine also has to confer long-term immunity, as regular boosts 
would be difficult to perform in endemic countries. Our results sug-
gest that the MeV-NP vaccine generates robust long-term immunity. 
In contrast, a VSV-based vaccine expressing LASV GPC protected 
only 71% of guinea pigs 1 year after immunization (37).

A single shot of MeV-NP confers efficient protection against a 
lineage II LASV strain. No clinical signs were observed after chal-
lenge, and biological parameters were not altered. Viral replication 
was efficiently controlled in these immunized monkeys, as only 
very low and transient viremia was detected in the plasma but not in 
swabs, and only one monkey showed traces of infectious LASV in 
the spleen and liver. A low concentration of residual viral RNA was 
present in the organs at the necropsy, confirming that the monkeys 
were fully protected against the disease but that the immunity was 
not sterilizing. These results are consistent with those obtained in 
monkeys immunized with the VSV-based vaccine and challenged 
with a lineage II LASV strain, with measurable viral replication 
(17). MeV-NP–immunized monkeys were also protected against 
lineage VII LASV, with no alteration of biological parameters, but 
some mild signs were transiently observed, together with a transient 
increase in body temperature. A low degree of viral replication oc-
curred in these monkeys, with a transient infection and viral RNA 
load in the plasma and swabs. The residual viral load in the organs 
was similar to that observed in lineage II–challenged immunized 
monkeys. Low concentrations of LASV RNA were found in the 
brains of immunized monkeys, but no viral antigen was detected in 
brain sections. Moreover, no neurological signs were observed in 
immunized monkeys, confirming that no neurological lesion was 
induced. This difference in protection relative to that against lin-
eage II LASV is probably due to the high pathogenicity of Benin 
LASV in monkeys and the large genetic diversity between lineages 
IV and VII. As lineage VII LASV has never been evaluated before, 
the ability of other vaccines to protect against this strain is unclear. 
Given its high pathogenicity and genetic distance from the Josiah 
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strain, lineage VII is likely a pertinent strain that should be used for 
future vaccine challenge studies. Cross-protection against less di-
vergent strains, such as non-Josiah lineage IV strains or lineage V 
strains, which also show lower pathogenicity, is relatively easy to 
achieve (19). Given the large and increasing genetic diversity of cir-
culating LASV strains (2, 7, 8, 45, 46), it is crucial to validate vac-
cines against those that are the most challenging.

As previously reported (10), both humoral and cellular respons-
es were markedly boosted after challenge. High titers of LASV-specific 
IgG were induced in the first week after infection, regardless of the 
LASV strain used. Antibodies recognized lineage II and lineage VII 
antigens with the same efficiency as for homologous Josiah LASV an-
tigens, confirming the potential cross-reactivity against the entire 
diversity of LASV. High concentrations of LASV IgG were also in-
duced in control monkeys but later during the course of Lassa fever. 
NAbs were induced at moderate titers in all immunized monkeys 
2 weeks after infection, as well as in the surviving lineage II–infected 
control monkey. The NAbs were equally potent against both 
homologous and heterologous LASV strains, confirming once again 
their cross-reactivity. Higher titers of NAbs were induced when the 
monkeys were challenged 1 year after immunization. This discrep-
ancy could be due either to the longer period before the challenge or 
to the infection with homologous LASV. Moreover, maturation of 
antibody response through somatic hypermutation could also ex-
plain this observation. There was no notable difference between the 
prime-only and prime-boost regimens in terms of the humoral re-
sponse when the monkeys were challenged 1 year after immuniza-
tion. T cell responses were also boosted after challenge with the 
Josiah strain. Again, there were no observable differences between 
the prime-only and prime-boost monkeys. The GPC- and NP-specific 
CD4+ and CD8+ T cell responses were of similar intensity as those 
observed when the monkeys were challenged 1 month after a single 
shot of MeV-NP (10), suggesting that the T cell immunity induced 
by MeV-NP vaccination is long-lasting. In addition, the diversity of 
T cell phenotypes was similar to that observed with a 1-month 
postimmunization challenge (10). CD4+ T cells also expressed 
CD154 in response to peptide stimulation, confirming their activa-
tion and specificity to LASV (31, 47). These results are highly en-
couraging, as T cells are required for the control of LASV infection 
(10, 16, 18, 44, 48). The intensity of the T cell responses induced 
after the challenge with heterologous strains were lower than those 
against Josiah LASV (10), probably because only epitopes conserved 
between the different LASV lineages were able to reactivate the 
Josiah-specific memory T cells. Consistently, major histocompati-
bility complex I– and II–specific epitopes conserved between LASV 
lineages and other arenaviruses have been described (16, 43, 49, 50), 
suggesting that Josiah LASV–specific T cells may protect against 
divergent LASV strains. We did not detect T cells producing cyto-
kines in nonimmunized monkeys challenged with lineage II or VII 
LASV, except for some CD8+ T cells detected 20 days after infection 
in one lineage II–infected control monkey. Only a low percentage of 
responding T cells was measured 28 days after challenge in the sur-
viving control monkey. The lower intensity of T cell responses induced 
by heterologous LASV relative to a homologous challenge may have 
been involved in the difference in the efficacy of the control of 
viral replication observed in the MeV-NP–immunized monkeys.

Our study has several limitations. Our results did not allow to 
clearly identify the mechanisms involved in the control of LASV 
after immunization. Both humoral and cellular immune responses 

are induced by the vaccine and are strongly boosted after the chal-
lenge coincidently with the control of viral replication. In addition, 
NAbs appeared in all immunized monkeys during the course of 
LASV infection. However, their absence at the time of challenge 
and until 1 to 2 weeks later suggests that even if they participate in 
protection, NAbs are poor predictors of vaccine effectiveness, con-
sistent with our previous observations (10). Passive transfer of neu-
tralizing human monoclonal antibodies can control Lassa fever in 
nonhuman primates and may also act in humans. However, as we 
failed to detect NAb in the plasma of immunized nonhuman pri-
mates before the challenge and because only moderate concentra-
tions of non-neutralizing LASV IgG were present, it is unlikely that 
passive transfer of this material could be efficient against a challenge 
and that the control of LASV in MeV-NP–immunized monkeys re-
lies on direct neutralization of viral inoculum. Non-neutralizing 
IgG and, particularly, CD8+ and CD4+ T cells are probably crucial 
for controlling LASV after MeV-NP immunization, as also suggested 
by previous studies (10, 44). The protection induced by a Lassa-Rabies 
vaccine was shown to be mediated by non-neutralizing LASV-specific 
IgG through ADCC and phagocytosis (51). In our study, ADCC 
was not correlated with protection as both control and immunized 
monkeys developed antibodies able to trigger ADCC. For cross- 
protection experiments, ADCC-inducing ability of the plasma was 
equivalent between control and immunized monkeys over the dis-
ease course, arguing against a primary role of this mechanisms in 
the protection. In contrast, plasma of immunized monkeys induced 
ADCC in the first days after challenge in the long-term experiment. 
It is therefore difficult to make conclusions on the role of ADCC in 
the protection induced by MeV-NP. A limitation of our study is the 
lack of identification of the immune correlates of protection. Although 
our data point toward a preponderant role of T cell responses, the 
depletion of CD4+ and CD8+ T cell before the challenge would con-
firm the role of cellular immunity after MeV-NP vaccination and 
represents a future direction for the field. The number of monkeys 
used in the experiments is another limitation of our study. Our bio-
safety level (BSL)–4 animal facilities can only accommodate 
12 monkeys, in agreement with animal welfare and the need to re-
duce animal use.

Lassa fever is an increasing threat to public health in West Africa 
due to the wide distribution of natural reservoirs of LASV and the 
frequent introduction of LASV into the human population (2). In 
total, 180 million people are considered to be at risk for Lassa fever 
(4), and they often live in remote areas with limited diagnosis and 
poor health care structures. In addition, there is no effective treat-
ment available aside from the reference treatment, ribavirin, for 
which the true effectiveness is debatable (52). Thus, the most effi-
cient way to combat Lassa fever is to perform mass vaccination in 
endemic areas using an efficient vaccine that is able to confer long-
term immunity against the entire diversity of LASV with a minimum 
number of doses. The results provided here suggest that MeV-NP 
could be one such candidate, as it induces long-term protective 
immunity after a single dose and protects against highly pathogenic 
LASV strains that are highly divergent from the Josiah strain. More-
over, the MeV vaccine is known to be safe and clinical trials of other 
MeV-based vaccines have confirmed that adding heterologous antigens to 
the MeV backbone does not modify the safety profile of the vaccine 
(23, 24, 53). The MeV-NP candidate is currently being evaluated in 
humans in a phase 1 trial (NCT04055454), and a phase 2 trial is in 
preparation.
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MATERIALS AND METHODS
Study design
Our objectives were to evaluate the efficacy of MeV-NP, a recombi-
nant measles Schwarz vaccine expressing LASV GPC and NP, against 
heterologous LASV strains from lineages II and VII (cross-protection 
study) and its ability to confer long-term protection against the 
homologous strain from lineage IV (long-term protection study). Both 
studies were carried out on female monkeys (Macaca fascicularis, 
17 to 27 months old, 2 to 3 kg). In the cross-protection study, groups 
of three monkeys were immunized in A2 facilities (SILABE) by sub-
cutaneous injection of 2 × 106 TCID50 of MeV-NP (two vaccinated 
groups) or MeV vaccine strain Schwarz (two control groups). Blood 
draws, oral and nasal swabs, and urine sampling were performed 
every 2 to 3 days during the first 2 weeks and then once a week up 
to day 37. After 25 days, the monkeys were transported to BSL-4 
facilities (Laboratoire P4 INSERM–Jean Mérieux). At day 37, one 
MeV-NP–vaccinated group and one control group were subcuta-
neously challenged with 3000 FFU of LASV Nigeria (Lineage II 
strain BEN-16081) (7), the two other groups were challenged 
with 3000 FFU of LASV Benin (lineage VII, strain BEN-16131) (7). 
In the long-term protection study, one group of four monkeys was 
immunized by a single intramuscular injection of 2 × 106 TCID50 of 
MeV-NP and another group of four monkeys received two injec-
tions of 2 × 105 TCID50 of MeV-NP 35 days apart. Another control 
group of three monkeys received two intramuscular injections of 
2 × 105 TCID50 of MeV at 35 days interval. After the first and second 
immunizations, blood draws, oral and nasal swabs, and urine sampling 
were performed every 2 to 3 days during the first 2 weeks and then 
once a week. Similar sampling was then performed every month for 
more than a year. Monkeys were transported to the BSL-4 facility 10 days 
before being challenge by a subcutaneous injection of 1500 FFU of 
LASV Josiah (lineage IV strain). Monkeys from a single group were 
placed together in a chamber under negative pressure to avoid mixing 
with monkeys from other groups. Clinical follow-up was performed 
group by group to avoid mixing and therefore was not blinded.

After challenge, monkeys were followed for clinical signs and 
euthanized according to scoring based on body temperature, body 
weight, feeding, dehydration, behavior, and clinical signs (table S4). 
Blood draws, oral and nasal swabs, and urine sampling were per-
formed every 2 to 3 days during the first 2 weeks and then once a 
week up to day 28. All monkeys reaching a clinical score of 15 were 
euthanized before the end of the experimentation (28 to 30 days after 
challenge) to limit their suffering. All procedures were approved by 
the Comité Régional d’Ethique en Matière d’Expérimentation 
Animale de Strasbourg (2018100414445313) and the Comité 
Régional d’Ethique pour l’Expérimentation Animale Rhône Alpes 
(2018101211262022 and 2019100810333758).

Cell cultures, virus, and infections
Vero NK and Vero E6 cells were grown in GlutaMAX Dulbecco’s 
modified Eagle’s medium (DMEM; Life Technologies) supplemented 
with 5% fetal bovine serum and 0.5% penicillin-streptomycin. For 
the preparation of MeV-NP and MeV stocks, Vero NK cells were 
infected at a multiplicity of infection of 0.01 and then incubated at 
37°C for 2 to 3 days. To harvest the virus, cells were scraped into 
Opti–Minimum Essential Medium (MEM) I reduced-serum medium 
and freeze-thawed twice. Titers were determined by TCID50 titra-
tion on Vero NK cells. Vaccine stocks for monkey immunization 
were prepared in 1% DMEM. Stocks of LASV Josiah (provided by 

S. Becker, Philipps-Universtität), LASV BEN-16081 Lineage II (LASV 
Nigeria), and LASV BEN-16131 Lineage VII (LASV Benin) were 
produced and titrated on Vero E6 cells. Inoculums were prepared in 
phosphate-buffered saline (PBS). Monkeys received 1500 FFU by 
the subcutaneous route for infection with the Josiah strain and 
3000 FFU by the same route for BEN-16081 and BEN-16131. Viral 
titers in plasma and organs were determined by titration on Vero 
E6 cells. For plaque reduction neutralization assays, plasma samples 
were diluted and mixed with 150 FFU of LASV. After 1 hour, the 
mixtures were added to Vero E6 cells and incubated for 1 hour be-
fore addition of carboxymethylcellulose diluted in DMEM. After 
7 days, the number of foci was calculated by focus-forming immuno-
detection using anti-LASV antibodies, as described in (54).

Quantitative RNA analysis
Quantitative RT-PCR for viral RNA was performed with the Sensi-
FAST Probe No-ROX One-Step Kit (Bioline) using NP-specific 
primers and probes for the Josiah (forward, 5’-CTTTCACCAGGG-
GTGTCT-3′; reverse, 5’-GTCACCTCAGACAATGGATGG-3′; probe, 
5’-TGAACATTCCAAGAGCC-3′), Nigeria (forward, 5’-AGTAT-
GTTCTCGTAAGGGTTC-3′, reverse, 5’-ACTTCAGTTTAG-
GAGCTGC-3′; probe, 5’-TACACCTCAGACAATGGATGG-3′), 
and Benin (forward, 5′-TAAGGATTCCTTTCTCCAG-3′; reverse, 
5’-ACTCCCCAAACCATGGATG-3′; probe, 5’-TCCCAAGACT 
CCTCTTC-3′) strains and quantified using corresponding NP-specific 
synthetic RNA standards developed in house (55). RT was performed 
at 45°C for 10 min. After an activation step at 95°C for 2 min, 
amplification (95°C 1 min, 52°C 30 s) was repeated for 45 cycles, 
and then reaction was cooled down to 37°C. Limits of detection were 
4284 RNA copies/ml for LASV Josiah and Benin and 42,840 copies/ml 
for LASV Nigeria.

Immunohistochemistry
At death, tissues were collected and fixated for a minimum of 14 days 
in 10% formalin. The samples were then dehydrated using a STP120 
(Microm Microtech) and paraffin-embedded with a TES99 device 
(Tech-Inter). Three-micrometer tissue sections were prepared using 
a Leica LM2125 RTS microtome, and unmasking was performed in 
a citrate buffer using a Retriever 2100 (Prestige Medical). Brain tis-
sue sections were blocked for 30 min in PBS/3% bovine serum albu-
min (BSA), and LASV immunostaining was performed using an 
anti-GP2c mouse monoclonal antibody [L52-272-7, provided by 
P. Jahrling, United States Army Medical Research Institute of Infec-
tious Diseases (USAMRIID)] at a 1:50 dilution overnight, detected 
with an anti-mouse secondary antibody coupled with a peroxidase 
(N-Histofine, Microm Microtech). 3-Amino-9-ethylcarbazole (Sigma- 
Aldrich) was used to stain the tissue sections, and they were coun-
terstained with hematoxylin (Leica) before observation with a Dmi8 
Leica microscope. Images were taken with the LASX software (Leica).

T cell activation assay
LASV-specific T cells were analyzed from 200 l of fresh whole 
blood. Cells were incubated with overlapping GPC or NP peptides 
and anti-human CD28 and anti-human CD49d antibodies (2 g/ml; 
BD Biosciences) and brefeldin A (10 g/ml; Sigma-Aldrich) for 6 hours at 
37°C. Staphylococcus enterotoxin A (1 g/ml; Sigma-Aldrich) and 
PBS were used as positive and negative activation controls, respec-
tively. The peptides (1 g/ml each) were 15 amino acids long with 
an overlap of 11 residues and spanned the complete LASV GPC or 
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NP (Josiah, Nigeria, or Benin strains). PBS-EDTA (2 mM final con-
centration) was added to the samples before staining for CD3 (clone 
SP34-2, allophycocyanin (APC), 14 l per sample), CD4 (clone L200, 
Alexa Fluor 700, 5 l per sample), and CD8 (clone SK1, APC-H7, 
5 l per sample) (BD Biosciences) in the presence of LIVE-DEAD 
stain (Thermo Fisher Scientific) for 30 min at 4°C in the dark. Red 
blood cells were then lysed using Pharm Lyse (BD Biosciences). Cells 
were fixed and permeabilized using the FoxP3 staining buffer set 
(Miltenyi Biotec) following the manufacturer’s instructions before intra-
cellular staining with antibodies against IFN- [clone B27, phyco-
erythrin (PE), 20 l per sample], and TNF- (clone Mab11, PE-Cy7, 
5 l per sample) (BD Biosciences) and, in some experiments, to CD154 
(clone 5C8, VioBlue, 2 l per sample) (Miltenyi Biotec) for 30 min at 
4°C in the dark. Cells were analyzed by flow cytometry using an 
LSRFortessa cytometer (BD Biosciences) or a 10-color Gallios cytometer 
(Beckman Coulter). Data were analyzed using Kaluza 2.0 software 
(Beckman Coulter).

T cell reactivation assays
Thawed PBMCs were plated in 96-well plates at 250,000 cells per 
well in RPMI 1640 with GlutaMAX (Life Technologies) supple-
mented with 10% heat-inactivated cynomolgus monkey plasma, 
0.5% penicillin-streptomycin, 1% nonessential amino acids, 25 mM 
Hepes, and 1 mM sodium pyruvate and incubated overnight at 37°C 
and 5% CO2. PBMCs were then mock-stimulated or stimulated 
with overlapping GPC or NP peptides and anti-human CD28 and 
anti-human CD49d antibodies (2 g/ml; BD Biosciences). One and 
2 days later, interleukin-2 (IL-2) and IL-7 (Miltenyi Biotec) were 
added at 10 U/ml. Five days after peptide stimulation, cells were 
stained with CD3 (clone SP34-2, V450, 1.25 l per sample), CD4 
(clone L200, APC at 5 l per sample or Alexa Fluor 700 at 1.25 l per 
sample), CD8 (clone SK1, APC-H7, 1.25 l per sample), CD134 
(clone L106, PE, 5 l per sample), CD69 (clone FN50, PerCP-Cy5.5, 
1.25 l per sample), CD27 (clone M-T271, PE, 5 l per sample), 
CD28 (clone CD28.2, PE-CF594, 1.25  l per sample), CD45RA 
(clone 5H9, PE-Cy7, 1.25 l per sample), CD95 (clone DX2, APC, 
2.5 l per sample) (BD Biosciences), HLA-DR [clone AC122, fluo-
rescein isothiocyanate (FITC), 0.5 l per sample], CCR7 (clone 
REA546, PerCP-Vio700, 0.5 l per sample) (Miltenyi Biotec), CD137 
(clone 4B4-1, PE-Cy7, 2.5 l per sample), CD279 (clone EH12.2H7, 
PE/Dazzle 594, 2.5 l per sample) (BioLegend), and CD38 (clone 
AT-1, FITC, 5 l per sample) (STEMCELL Technologies) antibodies 
for 30 min at 4°C in the dark in the presence of LIVE-DEAD stain 
(Thermo Fisher Scientific). Cells were permeabilized using the 
FoxP3 staining buffer set (Miltenyi Biotec) as per the manufacturer’s 
instructions and stained with Ki67 (clone B56, PE-Cy7, 1.25 l per 
sample), GrzB (clone GB11, PE, 1.25 l per sample) (BD Biosciences), 
and perforin (clone Pf-344, FITC, 1.25 l per sample) (Mabtech) anti-
bodies. Cells were analyzed by flow cytometry using an LSRFortessa 
cytometer (BD Biosciences). Data were analyzed using Kaluza 2.0 
software (Beckman Coulter).

Hematology and biochemistry
The number of circulating CD4 and CD8 T cells, B cells, NK cells, 
monocytes, and neutrophils was determined by flow cytometry using 
cell-specific panels. Plasma concentrations of ALT and AST, LDH, cre-
atine kinase, amylase, total bilirubin, direct bilirubin, creatinine, urea, 
iron, uric acid (UA), total proteins, ALB, and CRP were measured 
using a Pentra C200 analyzer (Horiba Medicals).

Enzyme-linked immunosorbent assays
For the determination of LASV-specific IgM antibody titers, 
MaxiSorp plates (Nunc) were coated overnight at 4°C with anti-
bodies directed against nonhuman primate IgM -chain (Sigma- 
Aldrich). Coated plates were then blocked in PBS/2.5% BSA for 
2 hours at 37°C before incubation with diluted plasma (1:100, 1:400, 
and 1:1600) or positive and negative control sera for 1 hour at 
37°C. Lysates of LASV-infected (Josiah, Nigeria, or Benin) or mock- 
infected Vero E6 cells (lysed by freeze/thaw cycles for IgM antigens 
and in borate triton 1% for IgG antigens), as positive and negative 
antigens, were then added to the plates for 2.5 hours at 37°C before 
incubating them in a cocktail of anti-LASV monoclonal antibodies 
(provided by P. Jahrling, USAMRIID) for 1 hour at 37°C. Plates 
were further incubated with polyclonal peroxidase–conjugated 
antibodies (Sigma-Aldrich) directed against mouse IgG -chain for 
1 hour at 37°C. For the determination of LASV-specific IgG anti-
body titers, PolySorp plates (Nunc) were coated overnight with a 
lysate of LASV-infected (Josiah, Nigeria, or Benin) or mock-infected 
Vero E6 cells, as positive and negative antigens, respectively. For the 
determination of Josiah NP– and Josiah GP–specific IgG antibody 
titers, MaxiSorp plates (Nunc) were coated overnight at 4°C with 
LASV Josiah recombinant NP C terminus and N terminus (2.5 g/ml 
each) or prefusion GP (5 g/ml) (Zalgen). After blocking with 
PBS/2.5% BSA) for 1 hour, plasma samples were incubated for 1 hour 
on coated plates at dilutions of 1:250, 1:1000, 1:4000, and 1:16,000. 
Plates were further incubated with polyclonal peroxidase–conjugated 
antibodies directed against nonhuman primate IgG -chain (Sigma- 
Aldrich). Tetramethylbenzidine (Eurobio) was used for detection for 
both IgM and IgG titer determination. The titer of positivity repre-
sented the highest dilution that gave a positive signal. The threshold of 
positivity was calculated as 2 × mean of three negative plasma 
samples + 1 SD of the mean. All samples were analyzed in duplicate, 
and the results are presented as the means of duplicates.

ADCC assay
MaxiSorp plates (Nunc) were coated overnight with recombinant 
LASV GP (Zalgen) or recombinant Ebola virus GP (R&D systems) 
at a concentration of 5 g/ml in sterile PBS. Plates were then washed 
in sterile PBS and incubated with heat-inactivated EDTA-anticoagulated 
plasma for 4 hours at 37°C. Freshly isolated PBMCs from healthy naïve 
cynomolgus monkeys were then added to each well at 500,000 cells 
per well in the presence of anti-CD107a (clone H4A3, FITC, 10 l 
per sample; BD Biosciences) and brefeldin A (10 g/ml; Sigma-Aldrich), 
and plates were incubated overnight at 37°C. Cells were then stained 
with anti-CD20 (clone 2H7, BV421, 2.5 l per sample), anti-CD14 
(clone TÜK4, APC, 1 l per sample), anti-CD3 (clone SP34-2, Alexa 
Fluor 700, 5 l per sample), and anti-CD8 antibodies (clone SK1, 
APC-H7, 2.5 l per sample) (BD Biosciences) in the presence of 
LIVE-DEAD stain (Thermo Fisher Scientific), permeabilized using 
the FoxP3 staining buffer set (Miltenyi Biotec) as per the manufacturer’s 
instructions, and stained with anti-IFN- (clone B27, PE, 10 l per 
sample) and anti-Ki67 antibodies (clone B56, PE-Cy7, 2.5 l per 
sample) (BD Biosciences). Cells were analyzed by flow cytometry 
using a 10-color Gallios cytometer (Beckman Coulter). Data were 
analyzed using Kaluza 2.0 software (Beckman Coulter).

Statistical analysis
Statistical analyses of the flow cytometry data were performed using 
Sigma Plot 14 (Systat Software Inc.). Data were analyzed using a 
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one-way or two-way analysis of variance (ANOVA) if the dataset 
passed a normality test (Shapiro-Wilk) and the equal variance test 
(Brown-Forsythe). If not, then a Kruskal-Wallis one-way ANOVA 
on ranks was used. All other statistical analyses were performed us-
ing GraphPad Prism 8. Data for continuous variables are expressed 
as individual points or as the means ± SEM. A Student’s t test or 
one-way ANOVA with multiple comparisons was used to compare the 
means between groups of data passing the normality test (Shapiro- 
Wilk). A Kruskal-Wallis multiple comparisons test was used to compare 
the means between groups of data with a non-normal distribution.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/13/597/eabf6348/DC1
Figs. S1 to S5
Tables S1 to S4
Data file S1

View/request a protocol for this paper from Bio-protocol.
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One Shot for Lassa Virus
Up to 180 million people are at risk for infection with Lassa virus (LASV), and the endemic region for LASV is
expanding. Thus, there is a critical need to develop a vaccine against LASV, preferably one that protects against
multiple lineages of LASV, generates durable immune responses, and can be administered in a single dose. To that
end, Mateo et al. investigated the ability of a recombinant measles virus vaccine expressing LASV proteins (MeV-NP)
to protect nonhuman primates against multiple strains of LASV and to provide protection over a year after vaccination,
showing that the vaccine was effective at both. MeV-NP, which is now in clinical trials, represents an advance in the
field of LASV vaccine development.
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ARTICLE

Systemic viral spreading and defective host
responses are associated with fatal Lassa fever
in macaques
Nicolas Baillet 1,2, Stéphanie Reynard 1,2, Emeline Perthame 3, Jimmy Hortion1,2, Alexandra Journeaux1,2,

Mathieu Mateo 1,2, Xavier Carnec1,2, Justine Schaeffer1,2, Caroline Picard1,2, Laura Barrot 4,

Stéphane Barron4, Audrey Vallve4, Aurélie Duthey4, Frédéric Jacquot4, Cathy Boehringer4, Grégory Jouvion 5,

Natalia Pietrosemoli3, Rachel Legendre 3, Marie-Agnès Dillies3, Richard Allan6, Catherine Legras-Lachuer6,

Caroline Carbonnelle4, Hervé Raoul 4 & Sylvain Baize 1,2✉

Lassa virus (LASV) is endemic in West Africa and induces a viral hemorrhagic fever (VHF)

with up to 30% lethality among clinical cases. The mechanisms involved in control of Lassa

fever or, in contrast, the ensuing catastrophic illness and death are poorly understood. We

used the cynomolgus monkey model to reproduce the human disease with asymptomatic to

mild or fatal disease. After initial replication at the inoculation site, LASV reached the sec-

ondary lymphoid organs. LASV did not spread further in nonfatal disease and was rapidly

controlled by balanced innate and T-cell responses. Systemic viral dissemination occurred

during severe disease. Massive replication, a cytokine/chemokine storm, defective T-cell

responses, and multiorgan failure were observed. Clinical, biological, immunological, and

transcriptomic parameters resembled those observed during septic-shock syndrome, sug-

gesting that similar pathogenesis is induced during Lassa fever. The outcome appears to be

determined early, as differentially expressed genes in PBMCs were associated with fatal and

non-fatal Lassa fever outcome very early after infection. These results provide a full char-

acterization and important insights into Lassa fever pathogenesis and could help to develop

early diagnostic tools.
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Lassa Fever is a viral hemorrhagic fever that is endemic in
Nigeria and the Mano River Union countries (Sierra Leone,
Guinea, and Liberia), with sporadic cases in bordering West

African countries and recent outbreaks in Benin1,2. Lassa fever
represents a significant cause of morbidity and mortality, with
tens of thousands of cases annually and thousands of fatalities.
The main natural host of Lassa virus (LASV), a Mammarenavirus
of the Arenaviridae family, is the widespread and commensal
rodent Mastomys natalensis, but alternate rodent reservoirs have
been described3. Rodent-to-human transmission of LASV gen-
erally occurs after the inhalation of contaminated dust or
cutaneous-mucosal contact with material soiled by rats, and
human-to-human transmission is then observed4. Approximately
20–40% of hospitalized patients succumb to infection. No
licensed vaccine or treatment with demonstrated efficacy is cur-
rently available. Lassa fever has been recently listed by the WHO
as an epidemic threat requiring urgent preparedness.

The diverse LASV strains are grouped into seven major
lineages based on their geographical location. Lineages I, II, and
III circulate in Nigeria and lineage IV strains were isolated in the
Mano River Union countries of Guinea, Sierra Leone, and Liberia.
Three additional lineages have recently emerged in Mali, Cote
d’Ivoire, Ghana, Togo, and Benin2,5–7. The two strains used in
this study, AV and Josiah, belong to lineage V and IV, respec-
tively, and are known to induce a severe disease in humans and
non-human primates (NHPs)8,9. The AV strain has been isolated
in a fatally-infected patient in 2000, whereas the Josiah strain
represents the prototypic and reference LASV strain used in
almost all studies. These strains are phylogenetically close as they
share ~82% of nucleotide homology and 95% of amino acids
identity, based on the S segment9. A large number of Lassa fever
patients experience asymptomatic infections or mild symptoms,
such as fever, headache, and asthenia. In other patients, fever,
asthenia, anorexia, abdominal pain, nausea, vomiting, diarrhea,
cough, and sore throat are observed. Edema of the face and neck,
conjunctivitis, hemorrhage, and acute respiratory distress then
occur in severe patients. The terminal stage is characterized by
multiorgan failure and terminal shock10. In survivors, sequelae
may appear after recovery, including sensorineural hearing loss11.
The location of endemic areas and the difficulty in accessing
patients have stifled the investigation of Lassa fever in humans.
Our current understanding of the pathogenesis and immune
response comes from animal models but is still limited. Animals,
such as immunocompromised mice and strain 13 guinea pigs, are
widely used to screen vaccines and therapeutics, but they fail to
mirror human disease12–15. Only NHPs fully mimic the clinical
signs, viral tropism, immune responses, pathophysiological
changes, and various outcomes observed in humans8,16–21. LASV
infection is believed to begin with the targeting of macrophages
and dendritic cells (DCs), with subsequent spreading to other
cells22. However, direct viral cytopathic effects are not sufficiently
severe to account for the observed vascular permeability and
multiorgan failure. Thus, the cascade of pathogenic events that
leads to terminal shock and death is still poorly known. Similarly,
the immune mechanisms that allow patients to clear LASV
infection and recover from Lassa fever have not been identified.
Although macrophages and DCs may be the first target cells, they
are not activated and do not secrete high amounts of cytokines.
Low titers of neutralizing antibodies have been observed in NHPs
and patients only after recovery and therefore do not correlate
with survival. However, we and others have demonstrated that
early activation and strong proliferation of T cells are associated
with the control of LASV and recovery from Lassa fever in
cynomolgus monkeys8,23,24. A robust T-cell response was also
correlated with viremia resolution in a human case of Lassa
Fever25. Here, we further explored the pathogenesis of Lassa fever

and the immune responses induced by LASV by infecting
cynomolgus monkeys with two different LASV strains: Josiah and
AV, using the same dose and route of inoculation. Subcutaneous
infection with LASV-AV resulted in nonfatal Lassa fever with
moderate clinical signs, whereas all the animals infected with
LASV-Josiah succumbed to Lassa fever. Thus, we performed a full
characterization of Lassa fever pathophysiogenesis in an NHP
model by analyzing clinical pathology, viral tropism and
dynamics, histopathological changes, cytokine profile, immune
responses, and transcriptomic signatures that are associated with
fatal and nonfatal Lassa fever during the course of infection and
disease.

Results
Clinical parameters and viral spreading during Lassa fever.
Cynomolgus monkeys were subcutaneously inoculated at the
back of the thigh with 1000 focus-forming units (FFU) of
LASV-AV (n= 4) or LASV-Josiah (n= 6) (Fig. S1a), whereas
three were mock-infected. The animals were then monitored for
28 days and attributed clinical scores based on body tempera-
ture, weight, food and water intake, behavior, and clinical signs,
with an endpoint score of 15. All Josiah-infected animals pre-
sented clinical scores that increased relentlessly from day 3 and
were killed 11–15 days post infection (DPI) (Fig. 1a). They
presented severe symptoms, with a high fever from day 4 and
hypothermia at the terminal stages, asthenia, piloerection,
anorexia, and continuous weight loss (Fig. S1b). One animal
presented epistaxis on the day of euthanasia, whereas abdom-
inal extravasation was detected in two others at necropsy. AV-
inoculated animals experienced only mild clinical signs with no
fever and a moderate clinical score due to weight loss and
recovered by ~15 DPI (Fig. 1a). C-reactive protein (CRP) levels
in the plasma of LASV-infected animals increased (Fig. S1c).
Viral RNA appeared in the plasma of infected animals as soon
as three DPI and infectious particles were first detected in
Josiah- and AV-infected animals at 6 and 8 DPI, respectively
(Fig. 1b). Viremia peaked at 12 DPI and then decreased in
survivors, whereas it increased relentlessly in the Josiah-
infected animals. Similar results were obtained in bone mar-
row (BM) samples, except that viral RNA was still detectable in
the survivor samples 28 DPI (Fig. S1 d, e).

Additional groups of three animals were also infected with
LASV-AV or LASV-Josiah and sequentially killed 2, 5, and 11 (only
AV for this last timepoint) DPI to obtain access to the organs
during the incubation period, at the onset of viremia, and at the
peak of the disease (Fig. S1a). We also quantified the viral loads in
organs obtained from the sequentially killed animals. Viral RNA
was detected in the skin, close to the inoculation site, of all Josiah-
and AV-infected animals as soon as 2 DPI, as well as in the spleen,
inguinal lymph nodes (ILNs), and thymus of one and two,
respectively, Josiah-infected animals and in the mesenteric lymph
nodes (MLNs) of two of three AV-infected NHPs (Fig. 1c).
Infectious particles were also detected in the skin of almost all
infected animals. Five days after infection, the highest amounts of
viral RNA were found for all animals in the skin, ILNs, MLNs, and
spleen. The liver, cerebellum, kidneys, adrenal glands, intestines,
lungs, thymus, and pancreas also contained viral RNA. At this
timepoint, we detected infectious particles in the secondary
lymphoid organs (SLOs), skin, and liver of all Josiah- and most
AV-infected animals, whereas we detected LASV in the kidneys,
adrenal glands, large intestine, lungs, reproductive system, and
pancreas of Josiah-infected animals only. At 11 DPI, corresponding
to the peak of the disease, all assessed tissues contained viral RNA.
However, viral loads were 10- to 1000-fold higher in organs after
infection with LASV-Josiah than with LASV-AV. In AV-infected
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animals, the presence of infectious particles in the lymphoid organs,
liver, adrenal glands, intestines, skin, lungs, reproductive system,
and pancreas was heterogeneous. In contrast, all organs of Josiah-
infected NHPs contained very high LASV titers, particularly the

adrenals and central nervous system (CNS). In these animals, the
viral RNA to titer ratio, an indicator of the efficiency of viral
replication, ranged between 100 and 1000 for most tissues, except
for brain and cerebellum, for which it was ~3000, and liver and

Fig. 1 Clinical and virological features of Lassa fever. a Clinical score, survival rate, and monitoring of body temperature are presented. Results show
mean values and individual data for each cohort, except for survival rate, represented with a Kaplan–Meier curve. Controls (n= 3), LASV-AV (n= 4),
LASV-Josiah (n= 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, as determined by a one-way ANOVA multiple comparisons test for analysis
between controls and AV- and Josiah-infected animals and by a t test for comparison between only controls and AV-infected NHPs. Red asterisks indicate
a significant difference between LASV-Josiah and controls, blue asterisks a significant difference between LASV-AV and controls, and black asterisks a
significant difference between LASV-Josiah and LASV-AV. b Quantification of viral load and infectious particles in the plasma of animals according to the
time after LASV infection. Mean values of each cohort and individual data points are presented as the number of viral RNA copies/ml (viral load) or FFU/
ml (infectious particles) according to the time after challenge with AV (blue dots) or Josiah (red dots). LASV-AV (n= 4), LASV-Josiah (n= 6). The
individual data at the time before the death of all LASV-Josiah-infected primates were used to calculate the mean determined at 12 DPI *p < 0.05, **p <
0.01, as determined by a Student’s t test. c Quantification of viral RNA copies and infectious particles per milligram of various tissues, including inguinal
lymph nodes (ILN), mesenteric lymph nodes (MLN), small intestine (Small int.), large intestine (Large int.), the reproductive system (ovaries or testicles)
(Reprod. system), and cerebrospinal fluid (CSF) at 2 (left panel), 5 (middle panel), and 11 (right panel) DPI. Individual and mean values are presented for
the two cohorts. *p < 0.05, as determined by a Student’s t test.

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01543-7 ARTICLE

COMMUNICATIONS BIOLOGY |            (2021) 4:27 | https://doi.org/10.1038/s42003-020-01543-7 |www.nature.com/commsbio 3

www.nature.com/commsbio
www.nature.com/commsbio


pancreas, for which the ratio was ~30 (Fig. S1f). Viral RNA was still
present 28 DPI in the tissues of AV-infected animals (Fig. S1g).

Histopathological features of Lassa fever. The earliest patholo-
gical events were mostly detectable at 5 DPI in the SLOs and
lungs of infected NHPs. In the LNs, AV-, and Josiah-infected
animals exhibited an alteration of the cortex architecture, char-
acterized by disorganization or hyperplasia of the lymphoid fol-
licles (Fig. S2a middle and right panel). At 11 DPI, the loss of
follicle architecture was still observable in AV- and Josiah-
infected animals, often with hyperplasia of macrophages, some-
times containing phagocytized apoptotic bodies (tingible-body
macrophages; see insets). LASV was frequently observed 5 DPI in
non-lymphocytic cells in all infected animals and was still
observable in LNs 11 DPI (Fig. 2a). AV-infected cynomolgus
monkeys also exhibited apoptotic lymphocytes in the thymus as
soon as 5 DPI (Fig. S2b middle panel). There was also massive
lymphocyte apoptosis 11 DPI in the thymus of Josiah-infected
animals (Fig. S2b right panel). LASV was detected at 5 and 11
DPI in the thymus of all infected NHPs (Fig. 2b). In the spleen,
amyloid protein was present in the center of lymphoid follicles of
all Josiah-infected animals and in one AV-infected animal (Fig.
S2d inset). There were numerous tingible-body macrophages in
the Josiah-infected NHPs. Accordingly, LASV was observable in
the spleen as soon as 5 DPI, and more frequently at 11 DPI, in
both AV- and Josiah-infected animals (Fig. 2c). However, the
distribution of LASV antigen was much more widespread in the
Josiah-infected animals. We did not observe histopathological
changes in the lungs of the AV-infected NHPs, either at 5 or 11
DPI, with the exception of one of three animals at each timepoint
that presented minor foci of interstitial pneumonitis (Fig. S2c
middle panel). This was more pronounced in the Josiah-infected
animals, with infiltration of mononucleated cells, resulting in
thickening of the alveolar walls prior to death at 11 DPI (Fig. S2c
right panel). LASV was also present in the alveolar cells of Josiah-
infected animals 5 and particularly 11 DPI (Fig. 2d). Although we
detected minor evidences of inflammation in the liver of AV-
infected NHPs, the Josiah-infected animals showed portal to
more extensive hepatitis (with apoptosis of hepatocytes for one
out of three animals) (Fig. S2e). These observations are in
accordance with the strong widespread LASV immunopositive
staining throughout the hepatic parenchyma and observed only
in Josiah-infected NHPs (Fig. 2e). We observed similar inflam-
mation patterns in the kidneys in the vicinity of arteries from the
cortico-medullary junction in Josiah- but not AV-infected ani-
mals (Fig. S2f). Accordingly, LASV was detectable in cells from
the cortico-medullary junction in Josiah- but not AV-infected
NHPs (Fig. 2f). We detected foci of LASV-positive adrenal cor-
tical cells in the zona glomerulosa and zona fasciculata of all
Josiah- but not AV-infected animals (Fig. 2g). Although probably
nonspecific, the cerebral cortex of all infected animals showed
edema. However, at 11 DPI, we detected perivascular cuffing and
microglial activation, i.e., signs of cerebral inflammation
encountered in severe forms of the disease, in the brain of Josiah-
infected CMs (Fig. S2g). Histopathological features were also
present during recovery 28 DPI in some AV-infected animals. We
indeed detected inflammatory infiltrates centered on (i) hepatic
portal tracts (Fig. S2h), (ii) renal cortico-medullary junction and
medulla (Fig. S2i), (iii) myocardial arteries (Fig. S2j) and (iv) 2
cerebral blood vessels (perivascular cuffing, Fig. S2k).

Biochemical analytes and soluble mediators during Lassa fever.
There was a slight but significant increase in the concentration of
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) in survivors at 10 DPI, which returned to basal values 21

DPI. AST and ALT levels increased earlier and were much higher
until death in Josiah-infected cynomolgus monkeys (Fig. 3a).
High concentrations of lactate dehydrogenase (LDH) were pre-
sent in the plasma of the animals that died from day 6, increasing
steadily until death. In contrast, the increase in LDH levels
occurred later and was moderate in survivors. The level of
albumin (ALB) dropped in both groups, with the minimum
values at the peak of the disease in the survivors. Creatinine and
urea levels increased substantially in Josiah-infected NHPs. We
observed low levels of Na+ and Cl− in the plasma at the terminal
stages of the animals that died.

We then have set out the profiles of circulating soluble
mediators in infected animals. Concerning pro-inflammatory
cytokines, plasma levels of IL-6, TNFα, and IL12/23 started rising
from 6 to 8 DPI and continued rising until death at 12 DPI in
Josiah- but not AV-infected animals (Fig. 3b). There was a
transient release of IFNα, peaking at 6 DPI, for all infected
animals. IL-15 levels increased in animals starting from 2 DPI
and continued to rise until death for the Josiah-infected NHPs,
whereas they returned to basal values 15 DPI for the AV-infected
animals. The levels of anti-inflammatory cytokines IL-1RA and
IL-10 increased dramatically from 6 DPI to death in the Josiah-
infected animals, whereas there was only a moderate increase in
AV-infected NHPs from 6 to 15 or 28 DPI for IL-1RA and IL-10,
respectively (Fig. 3c). Monocyte chemoattractant protein (MCP)
1 and macrophage inflammatory protein (MIP) 1β concentra-
tions slightly and transiently increased in AV-infected animals,
whereas high and increasing levels were measured in the terminal
stages for the Josiah-infected animals (Fig. 3d). IL-8 was
transiently secreted at 1 DPI in the Josiah-infected NHPs,
whereas its release was delayed and more sustained in the AV-
infected animals. We finally assessed different soluble mediators
involved in cytotoxic activities and regulation of the immune
response. We detected elevated levels of soluble (s) CD137 and
perforin, peaking at 12 DPI in all animals before returning to
basal values at ~18 DPI in the AV-infected animals (Fig. 3e). In
contrast, a transient increase in granzyme B (GrzB) levels
occurred solely in the AV-infected NHPs between 9 and 15
DPI. We detected a moderate and transient peak of soluble
CD40L 1 DPI in the Josiah-infected animals, whereas it occurred
later, at 6 DPI, in the AV-infected NHPs. A transient release of
IFNγ, peaking at 8 DPI, occurred in all infected animals, whereas
the level of IL-2 increased significantly in only the Josiah-infected
monkeys, until death. Finally, there was a peak in IL-5 secretion
between 8 and 15 DPI only in the AV-infected NHPs.

Innate immune responses during Lassa fever. The number of
leukocytes tended to transiently drop ~1 week after infection in
all animals, but this change was not significant (Fig. 4a). The
Josiah-infected NHPs showed an increase in the number of cir-
culating granulocytes in the last days before death. Although the
granulocytes were all CD10+ neutrophils in the first DPI in all
animals, the percentage of CD10− granulocytes steadily increased
until death after Josiah infection. In the AV-infected animals,
there was only a moderate and transient increase in the pro-
portion of this cell population. The number of circulating myeloid
dendritic cells (mDCs) did not change significantly during the
course of the disease, except for a non-significant increase 10 and
11 DPI in AV-infected animals. No data were obtained after 11
DPI. After Josiah infection, a transient increase in monocyte
count was observed 3 DPI, was followed by a drop 1 week after
infection, and finally rose again in the last days before death. In
AV-infected animals, the number of monocytes was elevated
from 15 DPI. An activated phenotype was rapidly observed in
monocytes in LASV-infected animals, with expression of CD80,
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CD86, and CD40. The percentage of CD80+ and CD40+

monocytes was significantly more elevated after Josiah infection,
particularly in the terminal stages. NK cell count also transiently
dropped about one week after infection in all animals (Fig. 4b).
An increasing percentage of NK cells proliferated at the same
time in all infected animals, as demonstrated by the expression of
KI67. A moderate but significant amount of NK cells expressed
CD107a at their surface 6 DPI in infected animals, suggesting a

cytotoxic activity. Finally, the proportion of NKp80-expressing
NK cells dramatically dropped during the 2 weeks following
infection whatever the LASV strain was, whereas expression of
NKG2D was not significantly modified. The percentage of KI67+

NK cells was increased in spleen and MLN 11 DPI in LASV-
infected NHPs, and as soon as 5 DPI in the spleen of Josiah-
infected animals (Fig. 4c). A moderate but non-significant
increase in GrzB+ and CD107a+ NK cells was measured in the

Fig. 2 Examples of LASV spreading as a function of the severity of the disease. Immunohistochemistry of LASV-GP (red) during the course of the
disease in a MLNs, b thymus, c spleen, d lungs, e liver, f kidneys, and g adrenal glands. a, b Scale bars: 100 µm. c–g Scale bars: 200 µm. Key
immunohistological features are indicated by arrows.
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spleen of LASV-infected animals. A significantly higher propor-
tion of GrzB+ NK cells was observed in AV-infected NHP MLNs.
The percentage of CD107a-expressing NK cells slightly increased
from 5 DPI and at 11 DPI in MLN of Josiah- and AV-infected

animals, respectively. The proportion of CXCR3+ NK cells
transiently dropped 5 DPI in LASV-infected NHP spleen. In
MLN, CXCR3+ NK cell percentage decreased moderately by day
5 in Josiah-infected animals and dramatically 11 DPI in AV

Fig. 3 Biochemical and inflammatory responses monitoring after LASV challenge. a Analysis of biological parameters during LASV infection. The data
from longitudinally followed and sequentially killed animals at 2, 5, and 11 DPI were collected: controls (n= 3 animals), LASV-AV (n = 10), LASV-Josiah
(n= 12). The individual data at the time before the death of all longitudinally followed LASV-Josiah-infected primates were collected to calculate the mean
determined at 12 DPI. Results show the mean (curve) and individual data points for each group. Statistical analyses were performed and are presented as in
Fig. 1. Quantification of pro-inflammatory cytokines b, anti-inflammatory cytokines c, chemokines d, and T-cell response-related mediators e in plasma
according to the time after LASV infection. b–e Results show the mean (curve) and individual data points for each group: controls (n= 3), LASV-AV (n=
4), LASV-Josiah (n= 6). Statistical analyses were performed and are presented as in Fig. 1.
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animals. A transient increase of NKp80+ NK cells was observed 5
DPI in Josiah-infected NHPs and from 5 to 11 DPI after AV
infection. However, this cell population was significantly
decreased compared to control animals from 11 DPI. Finally, we
observed an enrichment in CD16+ CD56− NK cells from 5 DPI,
particularly in Josiah-infected animals.

Adaptive immune response during Lassa fever. There was a
modest and transient drop in the number of B lymphocytes in both
Josiah- and AV-infected NHPs ~6–8 DPI, followed by a significant
increase in B-cell number from 2 weeks after infection in AV
animals. There was a large increase in both LASV-specific IgM and
IgG titers 8 DPI in the Josiah-infected animals, which occurred ~12
DPI in the AV-infected NHPs, with significantly higher titers 12
DPI in the Josiah-infected animals (Fig. 5b). We did not detect

neutralizing antibodies during the course of the disease, with the
exception of low titers (1:20) in two of four survivors 28 DPI. There
was a drop in the percentage of circulating naive/unconventional
memory (N/UM) B cells (CD20+ CD38mid CD27− CD10−)
~1 week after infection, but similar changes were observed in
control animals (Fig. 5c). An inverse pattern was observed for
conventional memory (CM) B cells (CD20+ CD38mid CD27+

CD10−) in animals. An increase in the percentage of proliferating
(KI67+) N/UM and CM B cells was observed 11 and 21 DPI in
Josiah- (non-significant) and AV-infected NHPs, respectively.
Finally, a transient increase in the proportion of plasma cells
(CD20low CD38bright CD27+) among B cells was observed 8 and 12
DPI in Josiah- and AV-infected NHPs, respectively. In SLO,
whereas the percentage of B-cell subpopulations did not change
significantly, an increase of the proportion of proliferating U/UM,
transitory memory (CD20+ CD38 mid CD10+ CD27−), CM, and

Fig. 4 Analysis of circulating innate immune cells after LASV challenge. a The number of leukocytes, granulocytes, mDC (HLA-DR+ CD14− CD1c+ and
HLA-DR+ CD14− CD11c+), and monocytes (HLA-DR+ CD14+) in the blood is presented according to the time after LASV infection. The percentage of
CD10− cells among granulocytes is also presented. The percentage of monocytes expressing CD80, CD86, or CD40 is shown. Results show the mean ±
standard error of the mean (SEM) for each group: controls (n= 3), LASV-Josiah (n= 6, except for day 14 where n= 2) and AV-infected animals (n= 4)
were analyzed for leukocyte, granulocyte, CD10−, and monocyte numbers. For mDC, CD80, CD86, and CD40 analysis, six AV-infected animals were
analyzed from day 0 to 6 and three of them from day 8 to 11. b The number of circulating NK cells (CD8+ CD3− CD20− cells) is presented, as well as the
percentage of KI67+, CD107a+, NKp80+, and NKG2D+ cells among NK cells (n= 3 for controls, n= 6 for LASV-Josiah, and n= 4 for AV-infected
animals). Statistical analyses were performed and are presented as in Fig. 1. Individual values can be found in Supplementary data 1 for a and b. c The
proportion of NK cells (CD8+ CD3− CD20−) expressing KI67, (granzyme B) GrzB, CD107a, CXCR3, and NKp80 was quantified in spleen (S, upper graphs)
and MLN (L, lower graphs) of controls (n= 3), AV- (n= 3), and Josiah-infected (n= 3) animals, as well as the percentage of CD16+ CD56− cells among
NK cells. Individual values and mean ± SEM are expressed for each group. Statistical analyses were performed and are presented as in Fig. 1.
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plasma B cells was observed by 11 DPI in spleen and MLN of
infected NHPs, except for N/UM B cells in MLN of AV-infected
animals (Fig. 5c). Moreover, similar changes were observed in the
spleen in all infected NHPs whereas B-cell proliferation was more
intense in Josiah-infected animals.

A transient lymphopenia affecting CD8+ and CD4+ T cells of
all infected NHPs was observed from 3 to 10 DPI (Fig. 6a).
Lymphocytosis of CD8+ and CD4+ T cells then occurred only for
AV-infected NHPs, starting at 12 DPI. The percentage of CD69-
expressing CD8+ cells transiently increased after 4 DPI in all
infected NHPs, whereas such an increase in CD4+ T cells
occurred between 4 and 15 DPI solely in the AV-infected animals
(Fig. 6b). The percentage of KI67+CD8+ T cells increased by 8
DPI in the AV- but not Josiah-infected animals and remained
high during the course of the disease. CD4+ T cells showed a
similar pattern, with a transient increase in the proportion of
proliferative cells in the AV-infected animals from 18 to 28 DPI.
The percentage of apoptotic (Annexin V+/7AAD+) CD8+ T and
CD4+ T cells increased significantly between 6 and 12 DPI after
Josiah infection, but not with AV. There was also an increase in
the proportion of GrzB− and perforin-expressing CD8+ T
lymphocytes, starting at 6 DPI, in the AV-infected animals,
whereas perforin expression of CD4+ T cells from AV-infected
NHPs transiently increased 8 DPI. Although non-significant, the

proportion of CD8+ CD95+ cells tended to increase more and
more rapidly in the Josiah- than AV-infected NHPS. Finally, only
Josiah-infected NHPs exhibited a significant increase in the
proportion of CD8+ CD279+ and CD4+CD279+ T cells between
6 and 10 DPI.

We assessed CD45RA, CD27, and CD28 levels to investigate
the phenotypes of circulating effector/memory T cells induced
during Lassa fever (Fig. S3a). The various CD8+ and CD4+ T-cell
subpopulations did not change during the experiment in the
control animals. There was an enrichment in naive/pre-effector
(pE) 1 CD45RA+CD28+CD27+ (RA+28+27+) CD8+ T cells in
AV-infected NHPs for all timepoints relative to the control
animals, as well as a transient increase in the proportion of
effector-memory (EM) 4 (RA−28+27−) CD8+ T cells. The
proportion of EM4 and terminally differentiated effector-memory
(EMRA) (RA+28−27−) CD8+ T cells increased between 4 and 8
DPI in the Josiah-infected NHPs. In AV-infected animals,
the proportion of pE2 (RA+28−27+), EM2 (RA−28−27+), EM3
(RA−28−27−), and EMRA CD4+ T cells increased from 6 DPI.
The Josiah-infected NHPs showed a transient increase in the
proportion of EM4 and EMRA CD4+ T cells from 4 and 6 DPI,
respectively.

We assessed the phenotype of T cells in the MLNs and spleens
2, 5, and 11 DPI (Fig. 7). The percentage of KI67+ CD8+ and

Fig. 5 Analysis of B-cell responses after LASV challenge. a The number of B cells (CD20+) in the blood is presented according to the time after LASV
infection. Results show the mean ± SEM of control (n= 3), AV (n= 4), and Josiah (n= 6) animals. b Detection of LASV-specific IgM and IgG in animals
after LASV infection by ELISA. Individual data (points) and mean values ± SEM for each cohort (curves) are presented. LASV-AV (n= 4), LASV-Josiah
(n= 6). **p < 0.01, ***p < 0.001, as determined by a Student’s t test. The percentage of naive/unconventional memory (N/UM) B cells (CD20+ CD38mid

CD27− CD10−), of conventional memory (CM) B cells (CD20+ CD38mid CD27+ CD10−), and of plasma B cells (CD20low CD38bright CD27+) among B
cells (CD20+) is presented, as well as the percentage of KI67+ cells among N/UM and CM B cells is presented for blood c and spleen (S, upper graphs)
and MLN (L, lower graphs). Individual values can be found in Supplementary data 1 for a, b and c. d The percentage of KI67+ among transitional memory
(TM) B cells (CD20+ CD38mid CD10+ CD27−) is also presented for SLOs. Results show the mean ±SEM of control (n= 3), AV (n= 4 for PBMC and three
for SLOs), and Josiah (n= 6 and three for SLOs) animals, as well as individual values. Statistical analyses were performed and are presented as in Fig. 1.
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CD4+ T cells was significantly higher in the MLNs of AV-
infected animals 11 and 28 DPI than those of mock- or Josiah-
infected NHPs. In the spleen, the proportion of KI67+ CD8+ and
CD4+ T cells was significantly higher in all infected animals than
in the control group from 11 DPI. The proportion of apoptotic
CD8+ and CD4+ T cells was significantly higher in the MLNs of
AV- than Josiah-infected NHPs 11 DPI. We observed an increase
in the proportion of CD95+ CD8+ T cells at 11 and 28 DPI in the
LNs and spleens of AV-infected animals. We also observed an
increase in the proportion of CD95+ CD4+ T cells of AV-
infected NHPs at 28 DPI. We detected a high percentage of
GrzB+ CD8+ T cells in the spleens of all infected animals 11 DPI,
while the percentage in MLNs was significantly higher in AV-
infected animals. Such an observation was also made for GrzB+

CD4+ T cells in spleens and lymph nodes of all infected NHPs at
this timepoint. Finally, we observed an increase in the percentage
of perforin+ CD8+ T cells in the MLNs and spleens of all infected
primates 11 DPI, but this raise was more important in MLNs of
AV animals.

In control animals, the naive/pE1, central memory (CM)/EM1
(RA−28+27+) and EM4 CD8+ T cells were the most highly
represented in the spleen, MLNs, and ILNs (Fig. S3b). In AV-
infected animals, there was a higher proportion of naive/pE1 and
CM/EM1 T cells that further increased 11 DPI in the spleen.
There were no significant differences in the CD8+ T-cell
phenotypes in the ILNs or MLNs between the AV- and mock-
infected animals. In Josiah-infected monkeys, there was a higher
proportion of EM1, EM3, EM4, and EMRA CD8+ T cells 11 DPI
in the ILNs and MLNs than 5 DPI, which was not the case for

AV-infected animals. Concerning the CD4+ T-cell repertory, the
proportion of EMRA cells in the spleen was higher 5 DPI for AV-
infected animals and 11 DPI for Josiah-infected macaques than in
that of control animals. EM1, EM4, and EMRA CD4+ T cells only
increased in the ILNs of Josiah-infected monkeys.

Transcriptomic changes during Lassa fever. We analyzed the
transcriptomic profiles according to infection and outcome by
RNA sequencing of PBMC samples (Fig. 8). We performed
pairwise comparisons to identify differentially expressed (DE)
genes between mock samples and AV- and Josiah-infected NHP
samples (Fig. 8a and S4). Overall, LASV infection led to sig-
nificant changes in transcriptomic profiles as early as 2 DPI.
These changes in expression were more marked at 4 DPI and
maximal at 10 DPI. Among the 100 most DE genes were
inflammation/innate immunity-related genes (NLRC4, MNP1A,
ZBED2, PRTN3, S100A8/9, MARCO, CCL23, CPA3, VGLL3,
CHI3L1, PGLYRP1, LTF, RSAD2, CD1B, GRZMA, CXCL10, IFI6/
27/44 L, IL27, MX1, IFIT3, ISG15, OAS1, SIGLEC1, APOBEC3A,
CCL2/8, and XCR1) that were upregulated, particularly in Josiah-
infected animals during the terminal stages. Genes involved in
extracellular matrix and cell-adhesion were also modulated,
particularly during fatal Lassa fever (NID1, TIMP3, ITGA11,
TGM2, MMP8/9, OLFM4, PCDH20, and CADM3), as well as
some others involved in coagulation (SERPIN, TFPI2) and
apoptosis (CLU, BCL2L14). The transcriptomic profiles were also
highly different between the AV and Josiah infections from 2 to
10 DPI (Fig. S5). We characterized the activation of innate
immunity, the cytokine response, and monocyte, T-cell, B-cell,

Fig. 6 Analysis of T-cell responses in PBMC after LASV challenge. a The number of CD8+ and CD4+ T cells in the blood is presented according to the
time after LASV infection. b The percentage of circulating CD8+ (left) and CD4+ (right) T cells expressing CD69, KI67, Annexin V and 7AAD (Ann/
7AAD), perforin (Perfo), GrzB, CD95, or CD279 is shown according to the time after LASV infection. Results show the mean ± SEM of control (n= 3), AV
(n= 4), and Josiah (n= 6) animals. Statistical analyses were performed and are presented as in Fig. 1. Individual values can be found in Supplementary
data 1.
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and NK cell activation by analyzing the expression of genes
representative of these pathways26–28 (Fig. 8b). LASV infection
induced an increase in the expression of IFN-response genes,
from 2 to 10 DPI, which was maximal at day 4, when the
synthesis of all IFN-response genes was upregulated. Josiah
infection resulted in greater induction than AV infection. We
observed similar changes for genes associated with the cytokine/
chemokine response, with moderate overexpression peaking 4
DPI in AV-infected NHPs versus a dramatic increase in the
synthesis of these genes 4 and 10 DPI after Josiah infection. The
expression of genes related to monocyte activation was strongly
upregulated after Josiah infection from 4 DPI. In contrast, the
expression of T-cell activation related genes was downregulated in
the same animals. B-cell-related genes were overexpressed 2 DPI
and downregulated from 4 DPI in both AV- and Josiah-infected
NHPs. Finally, NK cell signature was downregulated 2 and 4 DPI
in Josiah-infected NHPs compared to AV and control animals.
The transcription of some NK cell-related genes was induced 10
DPI in infected animals, but NK cell activation was more intense
in Josiah animals compared with AV NHPs. We performed a
similar analysis in the liver, spleen, and MLNs (Fig. 9). Unlike the
PBMC analysis, we list only the DE genes for each pathway. IFN-
response genes were upregulated in all organs after LASV infec-
tion from 2 DPI, but more intensely for Josiah-infected animals
(Fig. 9a–c), except for MLNs at day 2 after AV infection (Fig. 9b).
Although gene expression in the liver returned to basal levels 10
DPI in AV-infected NHPs, it remained high in the Josiah-infected
animals (Fig. 9c). Certain genes related to the cytokine/

chemokine response were upregulated in spleen 4 and 10 days
after LASV infection, but more particularly for Josiah (Fig. 9a). In
MLNs, these genes were upregulated 4 and 10 DPI in Josiah- and
AV-infected NHPs, respectively. In liver, the cytokine/chemokine
response was only observed on day 10 in Josiah-infected NHPs.
Monocyte-related genes were more strongly activated 4 and 10
DPI in Josiah-infected than mock- or AV-infected NHPs,
whereas these genes were upregulated in both AV- and Josiah-
infected animals in the MLNs. Finally, certain T-cell and/or NK
cell genes related to cytotoxicity were upregulated in AV-infected
animals 10 DPI in the MLNs, and to a lesser extent in spleen.
Upregulation of some T/NK cell genes was also observed in the
liver of Josiah-infected NHPs 10 DPI. These transcriptomic
changes had major consequences on the activation of cellular
pathways in both PBMC (Fig. S6) and organs (Fig. S7). An
activation of type I/II IFN-response and cell cycle pathways was
observed in PBMC and SLO of LASV-infected animals. In liver, a
robust activation of type I/II IFN-response pathways was also
observed after LASV infection. An intense downregulation of
several metabolic pathways was observed in liver of Josiah-
infected NHP, whereas only moderated changes were induced
after AV infection. The cascade of pathophysiological events and
the dysregulated inflammatory responses observed during Lassa
fever are reminiscent of septic shock syndrome. We thus analyzed
the expression of genes known to be DE during severe sepsis29–35.
The pattern of upregulated (Fig. 9d) and downregulated (Fig. 9e)
genes during severe sepsis was similar to that of DE genes of
PBMCs obtained 4 and 10 DPI from Josiah-infected NHPs,

Fig. 7 Analysis of T-cell responses in SLO. The percentage of CD8+ and CD4+ T cells in MLNs (L) and spleen (S) expressing KI67, Annexin V and 7AAD
(Ann/7AAD), CD95, GrzB, or perforin (Perfo) is presented in control (black dots), AV-infected (blue dots), and Josiah-infected (red dots) animals. Results
show the individual data and the mean ± SEM for each group (n= 3). *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001, as determined by a one-way
ANOVA or a Kruskal–Wallis multiple comparisons test. Significant differences are presented as in Fig. 1.
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whereas this was not true during AV infection. Among the DE
genes, we selected those with the most stable expression profiles
during the course of the disease and those most correlated with
LASV infection or outcome, i.e., the LASV strain, to identify the
set of DE genes in PBMCs that could be used as markers of LASV
infection or to predict the outcome of Lassa fever. We identified
seven genes allowing discrimination between mock- and LASV-
infected NHPs from 2 to 10 DPI with a high probability (Fig. 10a)

and six genes able to predict the onset of Lassa fever as soon as 2
DPI (Fig. 10b). We performed RNA sequencing of PBMCs
obtained 1 DPI to determine whether specific transcriptomic
signatures are already present in the earliest samples and con-
firmed this to be the case (Fig. 10c, top). Indeed, we identified
several genes for which the expression correlated with infectious
status, such as NFE2, PTP4A3, KCNG2, and a substantial number
of genes for which the expression is associated with Lassa fever

Fig. 8 Analysis of transcriptomic data of PBMCs. a Heatmap of the 100 most differentially expressed (DE) genes (absolute Log2 fold-change larger than
5). Gene expression was standardized using VST transformation, hence centered and scaled to make the gene expression comparable. Each column
corresponds to the mean gene expression of the three animals of each group for a given timepoint. b Heatmap of gene expression of six gene sets.
Significant genes are highlighted with bold labels and corresponding significant comparisons are displayed by gray (significant difference between Josiah
and AV for a given day) and black vertical bars (significant difference with the mock condition). Gene expression was standardized using VST
transformation, centered and scaled to make the gene expression comparable, hence averaged by condition and timepoint. An enrichment test was
performed, using a one-tailed Fisher test. P values were adjusted on multiple comparisons using Benjamini–Hochberg correction and were presented under
the gene set name.
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outcome. Among the set of genes defined in Fig. 10b, four
appeared to already be predictive 1 DPI (Fig. 10c, bottom).

Discussion
The cascade of pathogenic mechanisms leading to systemic shock
and death during Lassa fever, as well as the immune responses

involved in the control of LASV infection, are poorly understood.
Here, we describe a model of fatal and nonfatal Lassa fever in the
relevant NHP model based on infection by LASV strains isolated
from fatal human cases belonging to clade 4 or 59. The Josiah
isolate is the reference LASV strain and is known to induce a
highly uniform lethal infection in this model16,36,37. In contrast,

Fig. 9 Analysis of transcriptomic data of organs and of genes related to sepsis in PBMCs. Heatmap of gene expression of five gene sets in spleen aMLN,
b, and liver c presented as in Fig. 8b, except that only the DE genes are listed. Gene expression was standardized using VST transformation, hence centered
and scaled to make the gene expression comparable. Each column corresponds to the mean gene expression of the three animals of each group for a given
timepoint. The Log2 fold-changes of genes found DE in this study and known to be upregulated d or downregulated e in PBMCs during severe sepsis were
calculated between PBMCs of LASV-infected and mock animals and represented by light and dark colors for 4 and 10 DPI, respectively.
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we previously showed that NHPs can survive infection by the AV
strain8. Consistently, Soromba-R LASV, another strain belonging
to clade 5, presented a reduced pathogenicity in macaques17. In
the current study, all AV-infected NHPs survived and experi-
enced clinical signs ranging from almost asymptomatic infection
to quite severe Lassa fever. The clinical and biological signs
observed in NHPs are reminiscent of the disease induced in

humans, with tissue and hepatic damage, illustrated by elevated
AST, ALT, and LDH levels10. Renal failure has been recently
associated with a fatal outcome, with increasing concentrations of
creatinin and urea in the terminal stages of Lassa fever10. Albu-
min levels decreased thoughout Lassa fever in all infected animals
and may be due to anorexia but may also have resulted from
capillary leakage, abnormal fluid accumulation, liver failure, or

Fig. 10 Identification of genes that can be used as early markers of infection and severity. a Individual probabilities of infection status estimated by a
random forest: each dot represents an estimation of the probability for an animal to be infected or not, at 2, 4, and 10 DPI and at 28 DPI for mock animals:
the higher the probability, the greater the risk of an animal being infected. Josiah-infected animals are represented by red dots, AV-infected animals by blue
dots, and mock-infected animals by green dots. The mean probability ± SEM is represented in red for Josiah, blue for AV, and black for mock animals.
Probabilities were computed by applying the random forest method to the gene expression of OAS2, OASL, IFIT3, IFI44L-201, SCO2, USP18, and CCL8. The
kinetics of Log2 normalized counts are also shown for each gene. b Individual probabilities to have a severe/fatal LASV infection were estimated and are
represented as in a, except that mock animals were not included in this analysis. Probabilities were computed by applying the random forest method to the
gene expression of CPED1, CCR1, ARG2, PLVAP, SORBS3, and 40 S RPS7. c Heatmaps of DE genes in PBMCs at 1 DPI. The genes that were statistically
associated with infection status are indicated by a blue asterisk, whereas those associated with disease severity/lethal outcome are indicated by a red
asterisk. Gene expression was standardized using VST transformation, hence centered and scaled to make the gene expression comparable. Each column
displays gene expression of a given animal. The expression of CPED1, ARG2, PLVAP, and SORBS3 1 DPI in PBMCs of Josiah- and AV-infected NHPs is
represented at the bottom by red and blue dots, respectively. The DE of the other genes selected in a and b was not significant at 1 DPI and are therefore
not represented. Transcriptomic changes measured 1 DPI could not be compared with other samples as the sequencing of these mRNA was not performed
together with the others.
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renal loss38. An electrolytic imbalance, illustrated by a drop in Na
+ and Cl− concentrations, was also associated with a fatal out-
come. In contrast, the clinical scores remained low during
infection with the AV strain and only limited alterations of bio-
logical parameters were recorded, suggesting that LASV was
rapidly controlled. The first cycles of LASV replication appear to
occur locally, close to the site of infection. Indeed, infectious viral
particles were present in the dermis two days after SC inoculation,
and the amount detected suggests active replication instead of
residual inoculum. Differences in viral replication and dis-
semination were already evident as soon as 2 DPI, with higher
viral loads in Josiah-infected NHP skin and detection of low
amounts of LASV RNA in the spleen and thymus. Whether the
higher replication of Josiah compared with AV was owing to
increased virulence or to different host responses remains
unclear. These results demonstrate, for the first time, that local
replication of LASV occurs before infection of SLO and confirm
that these latter represent the first organs to be targeted by LASV.
Primary lymphoid organs such as thymus and BM can also be
early infected by LASV. Although viremia was detected from 3
DPI in all infected animals, striking differences in viral replication
and dissemination were evident very early during the course of
infection between the Josiah and AV strains. Indeed, viremia was
higher in Josiah- than AV-infected NHPs. Moreover, we observed
greater spreading as soon as 5 DPI, with higher viral loads in the
organs, with infectious viral particles detected only in lymphoid
organs in AV-infected animals, whereas other organs were
affected in Josiah-infected NHPs. We observed a similar pattern
11 DPI, with very high LASV titers detected in all organs in
Josiah-infected NHPs. Moreover, we previously observed elevated
LASV titers in oral and nasal swabs 9 DPI, confirming that the
respiratory tract is a site of intense viral replication37. In contrast,
infectious LASV was found to be mainly restricted to the lym-
phoid organs in all AV-infected animals, with only significantly
lower amounts found in a few other organs for some. These
observations were histologically confirmed, with Josiah LASV
antigens present in all organs as soon as 5 DPI and massively by
11 DPI, whereas AV antigens were found only in lymphoid
organs 5 DPI. The adrenals, liver, lungs, and kidneys were the
organs of intense Josiah LASV replication during the terminal
stages, consistent with the multiorgan failure associated with
hepatic and renal dysfunction and acute respiratory distress
observed for fatal Lassa fever. These results show that LASV
replication is rapidly controlled and its dissemination restricted to
lymphoid organs in nonfatal LF. In contrast, the lack of control
leads to relentless viral replication and systemic spreading in
severe/fatal LASV. The tropism of LASV for BM could play a role
in the transient lymphopenia observed in infected animals, but
further investigations are needed to determine if this phenom-
enon results from hematopoiesis defects or from peripheral
deletion39,40.

We explored the immune responses induced during Lassa fever
to investigate the observed difference in viral control. Generation
of memory and plasma B cells was observed in both blood and
SLOs in LASV-infected NHPs, simultaneously with LASV-
specific IgM and IgG, with earlier and more robust responses
after Josiah infection. Genes related to the B-cell response were
upregulated as soon as 2 DPI in infected animals, but the profiles
were different between AV- and Josiah-infected NHPs. The
expression of these genes was downregulated at 4 and 10 DPI.
Together, with the lack of detection of neutralizing antibodies,
these results confirm that no significant difference in the humoral
responses was observed according to Lassa fever outcome and
that these responses are not sufficient to control LASV infection,
as previously reported8. In AV-infected animals, a robust CD4+

and CD8+ T-cell response, involving induction and proliferation

of cytotoxic T cells, was induced in blood and SLOs by the second
week after infection. The transient release of sCD137, IFNγ, IL-5,
perforin, and GrzB in the plasma of AV-infected animals is also
indicative of T-cell activation41,42, as was the activation of path-
ways related to antigen processing and presentation in the SLOs
of AV-infected NHPs. Differentiation of memory CD4+ and
CD8+ T cells also occurred in these animals. Overall, these results
are consistent with an important role of CD4+ and CD8+ T cells
in the control of LASV infection, as previously suggested8,43.
Importantly, both CD4+ and CD8+ T cells with a cytotoxic
phenotype were strongly induced ~1 week after infection, sug-
gesting that both types of T cells play a role in the lysis of infected
cells44. The elevated amount of GrzB released is consistent with
cytotoxic CD4+ T-cell activation, as they appear to be more
prone to secrete GrzB than CD8+ T cells42. However, the
quantification of cytokines produced by T cells after stimulation
with LASV antigen-derived peptides would be necessary to ana-
lyze specific T-cell responses. Proliferating and cytotoxic CD4+

and CD8+ T cells were present in the spleen of Josiah-infected
NHPs 11 DPI, but not in the blood or MLNs. These discrepancies
could result from the functional differences between the two
SLOs. Indeed, blood-borne antigens directly enter the spleen,
whereas APCs bring antigens to the LNs through the lymphatics
and the elevated viremia present during Josiah infection may
explain the activation of splenic T cells45. The release of IFNγ,
sCD137, and IL-2 suggests T-cell activation in these animals,
although IL-2 could also come from DCs activated by pathogen-
associated molecular patterns (PAMPs) such as viral RNA46.
Changes in memory T-cell subpopulations were also observed in
the blood and SLOs of Josiah-infected animals, but their overall
T-cell responses appear to be defective. Indeed, high proportions
of apoptotic and CD279+ CD4+ and CD8+ T cells and CD95+

CD8+ T cells were detected in the blood. These observations
suggest that massive T-cell death and exhaustion were induced
during Josiah infection47. Consistently, the induction of CD279+

T cells has been associated with severe Ebola virus disease48. The
transcriptomic results in PBMCs and SLOs are also consistent
with adaptive T-cell responses of lower intensity in the Josiah-
infected NHPs. Finally, pathways linked to mitosis and cell cycle
were activated in SLOs of infected NHPs, but more intensively
after AV infection, probably reflecting a more robust adaptive
immunity in these animals.

NK cells are probably involved in the innate response against
LASV, as suggested by their proliferation and acquisition of
cytotoxic markers as well as their transcriptomic signatures in
blood and SLOs of infected animals. The enrichment in CD16+

CD56−, NKp80+, GrzB+, and CD107a+ cells in MLN and spleen
for the latter is consistent with the induction of cytotoxic NK cells
in SLOs49,50. The NKp80- NK cells that circulated in LASV-
infected NHPs could result from relocalization of NKp80+ cells
into tissues or to downregulation of NKp80 expression after
exposure to monokines51. The downregulation of CXCR3
expression in NK cells in SLOs is probably owing to ligand-
induced internalization. Indeed, CXCL9, CXCL10, and CXCL11
are the ligand for CXCR3 and attract NK cells into inflamed
tissues52. The synthesis of CXCL9 and CXCL11 mRNA observed
in blood and SLO of LASV-infected animals is consistent with
this hypothesis. Finally, NK cells could be the source of the IFNγ
released in plasma in infected animals. Although further inves-
tigations are needed to understand the role played by NK cells, a
similar response observed in both Josiah- and AV-infected ani-
mals argues against a primary role of NK cells in Lassa fever
outcome.

A balanced and self-limiting inflammatory response was
induced during AV LASV infection. IFN-response gene synthesis
was only induced 4 to 5 DPI in the PBMCs and organs while
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cytokine/chemokine and monocyte-associated genes were only
moderately overexpressed. These observations were mirrored by
the moderate and transient release of inflammatory/anti-inflam-
matory cytokines and chemokines into the plasma. This balanced
inflammatory response may have played an important role in the
induction of efficient T-cell immunity, as these cytokines are
known to serve as costimulatory signals for T-cell activation53. In
sharp contrast to the response in AV-infected NHPs, an over-
whelming, dysregulated, and potentially deleterious inflammatory
response appeared to be induced during Josiah infection. The
expression of IFN-response genes was upregulated as soon as 2
DPI in the PBMCs and organs up to death, and the levels were
very high from 4 to 5 DPI. This transcriptomic response can be,
at least within PBMCs, attributed to monocytes, given the intense
overexpression of monocyte-related genes observed at the same
time. Consistently, a large proportion of circulating monocytes
was activated in the blood of Josiah-infected animals during the
disease, whereas this was more balanced after AV infection.
Similar results in the transcriptomic response of PBMC have been
previously reported in a fatal model of Lassa fever in macaques
after aerosol infection, with early induction of IFN-responsive
genes and TLR signaling pathways54, and also in the Lassa fever-
like model of intravenous LCMV infection of macaques20. Genes
related to cytokine/chemokine responses were robustly expressed
during Josiah infection in both PBMCs and organs. In the liver,
these transcriptomic changes were maximal during the terminal
stages, which is consistent with the liver alterations observed at
the same time. The liver metabolism was highly suppressed
during Josiah infection, probably contributing to liver failure and
pathogenesis. The metabolic pathways were only moderately
affected after AV infection, confirming that liver function was
preserved during nonfatal Lassa fever. Very high concentrations
of inflammatory/anti-inflammatory cytokines and chemokines
were also detected in the circulation, with levels steadily
increasing until death. These mediators may be released by
activated monocyte/macrophages, which would be consistent
with the activated phenotype of circulating monocytes observed
in Josiah-infected NHPs as well as the gene signature of activated
macrophages in their SLOs. This unbalanced and excessive
inflammatory response may be involved in the defective T-cell
activation observed in the SLOs. Indeed, the homing and motility
of T cells within the SLOs and their contact with APCs are dic-
tated by the complex and well-regulated expression of homeo-
static chemokines by stromal cells of the SLOs45,55–57.
Dysregulated chemokine synthesis may have altered the traffic of
naive T cells within the SLOs, preventing the induction of
effective immunity. It has been previously shown that arenavirus
tropism, including that of LASV, for fibroblastic reticular cells
may have a deleterious effect on the architecture of the SLOs and
consequently on the induction of the immune response58–60.
Consistent with this finding, a loss in lymphoid follicle archi-
tecture was evident in LASV-infected NHPs. The large number of
CD10− granulocytes, a phenotype characteristic of immature
myeloid cells, that circulated in the final days before death in
Josiah-infected NHPs may have also been involved in the defec-
tive T-cell response61. Indeed, these cells circulate during severe
sepsis and cancer and are related to myeloid-derived suppressor
cells. They may exhibit T-cell suppressive properties and their
presence is associated with a poor prognosis in sepsis. Further-
more, infection of DCs has been observed within the SLOs of
Josiah-infected NHPs 7 DPI16. As LASV-infected DCs fail to
induce T-cell responses62,63, this tropism could also have a role in
the lack of T-cell activation in Josiah-infected NHPs. Finally, the
large proportion of apoptotic T cells within the PBMCs and SLOs
probably also contributed to immunosuppression. However,
further studies would be needed to decipher the mechanisms

involved in the defective T-cell immunity following Josiah LASV
infection. Overall, the observations made during Josiah infection
are reminiscent of septic shock syndrome. Indeed, the cytokine/
chemokine storm, combining inflammatory and anti-
inflammatory compounds, detected in the plasma at the late
stage is similar to that associated with severe sepsis and septic
shock64. Very high levels of IL-10 were released in the circulation
of Josiah-infected animals. This mediator is probably not pro-
duced by PBMC, with regards to their low IL-10 mRNA levels,
but rather in tissues/organs. Consistently, the synthesis of IL-10
mRNA was significantly increased as soon as 4 DPI in the liver of
Josiah-infected monkeys. The massive production of mRNAs
coding for these mediators was also detected in PBMCs and
organs from 4 to 5 DPI until death and pathways related to TLR-
and RIG-like receptors (RLR), Janus kinases, mitogen-activated
protein kinases, signal transducers and activators of transcription
(STAT), and NF-κB were activated as observed during severe
sepsis65. Moreover, the most altered pathways in PBMC, SLOs,
and liver were those related to type I and type I IFN responses,
with dramatic activation in infected animals, and more particu-
larly in Josiah-infected NHPs. These observations are consistent
with the soluble mediators detected in plasma and with a septic-
like syndrome. Most clinical and biological signs observed during
Josiah infection also reflect those of severe sepsis: lymphopenia
and T-cell apoptosis, thrombocytopenia, liver failure with hepatic
necrosis, renal failure, vascular permeability, edema, and acute
respiratory distress syndrome (ARDS)65–69. The dramatic thick-
ening of the alveolar walls and interstitial pneumonitis observed
in the lungs of Josiah-infected animals are consistent with ARDS.
The dramatic Josiah LASV replication in the lungs could have
favored an exacerbated local inflammatory response, contributing
to the pathology observed in these tissues. Furthermore, large sets
of genes related to the inflammatory response and T-cell
immunity, known to be up and downregulated, respectively, in
correlation with the severity of sepsis, were similarly modulated
in Josiah-infected animals29–35, further suggesting that highly
similar pathophysiological mechanisms are recruited during
sepsis and Lassa fever.

The outcome of Lassa fever appears to be determined very
early. Indeed, as soon as 1 DPI, we were able to identify DE genes
in PBMCs associated with LASV infection and Lassa fever out-
come. At a time when LASV replication is still restricted to the
local inoculation site, a systemic PBMC response can already be
observed, as previously reported19. Moreover, upregulation of
IFN-response-related genes was also evident 2 DPI in the spleen
and liver of all LASV-infected NHPs relative to control animals
and in the spleen, LN, and liver of Josiah-infected animals
compared to the other NHPs. This observation confirms that a
systemic response was induced very early after LASV infection, at
a time when the infection was clinically silent. From 2 to 10 DPI,
certain IFN-response genes were upregulated in LASV-infected
NHPs relative to control animals and could be used as high
probability markers of infection, as proposed by other
authors19,70. Similarly, another set of genes was DE between AV-
and Josiah-infected NHPs throughout the course of infection,
allowing prediction of the outcome of Lassa fever from the early
incubation period to terminal stages, as proposed for other acute
viral infections such as dengue71. The analysis of the expression
of these genes by RT-PCR could be used for diagnostic purposes,
as previously proposed for other genes54, assuming that they will
likely not be specific for Lassa fever but rather represent an acute
viral infection signature. Nevertheless, during an outbreak, such
an approach would allow determining whether a subject has been
infected very early after a high-risk contact and provide an idea of
the severity of the coming disease. Whether the same sets of genes
are modulated during human Lassa fever is yet to be determined,
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but similar early transcriptomic profiles are probably induced in
the PBMCs of patients. The relative specificity of these gene sets
for Lassa fever could also be challenged against other infectious
diseases. The prognostic of Lassa fever severity could be useful in
epidemic setting when intensive care can be provided to a limited
number of patients. Our results suggest that the orientation
toward an efficient or defective immune response after LASV
infection is decided in the first hours after infection. They allow
us to propose the following hypothesis to explain the pathophy-
siogenesis of Lassa fever. The first cycles of viral replication occur
at the site of inoculation. Then LASV reaches the SLOs, which
probably serve as a viral reservoir before systemic infection. In
nonfatal Lassa fever, a balanced inflammatory response is induced
early after infection and an efficient T-cell response is generated.
Viral replication is restricted to the SLOs and no systemic dis-
semination of LASV occurs, probably owing to an efficient innate
and/or T-cell response. This lack of systemic spreading avoids the
appearance of severe clinical signs and only asthenia, anorexia,
and fever are observed. From 12 DPI, viremia decreases con-
comitantly with the appearance of LASV-specific IgG and a
robust CD4+ and CD8+ T-cell response. This balanced humoral
and cellular response probably allows for complete control of
LASV and recovery. In fatal Lassa fever, LASV is not restricted to
the SLOs and systemic viral spreading occurs, with intense viral
replication in virtually all organs and tissues, despite a more
intense induction of the IFN-response in the early stages, possibly
owing to higher viral replication. This massive replication gen-
erates substantial amounts of PAMPs, as double-stranded RNA
intermediates or single-stranded RNA, which intensively activate
cells through TLRs and RLRs, inducing a cytokine/chemokine
storm, a defective T-cell response, and a pathological cascade
similar to that induced during septic shock syndrome. Multiorgan
failure then occurs, followed by death in a hypovolemic, hypoxic,
and hypotensive context. Although the early events that dictate
the evolution towards LASV control or severe HF and death
remain unclear, this study brings new insights into the patho-
genesis of Lassa fever and identifies transcriptomic signatures that
could serve as an early marker of LASV infection and of Lassa
fever prognosis.

Methods
Cell cultures. Vero E6 cells were grown in Glutamax Dulbecco Modified Eagle’s
Medium (DMEM, Life Technologies) supplemented with 5% fetal bovine serum
(FBS) and 0.5% penicillin–streptomycin (P/S).

Viruses. LASV-AV (GenBank FR832711.1 and FR832710.1) and LASV-Josiah
(GenBank HQ688674.1 and HQ688672.1) strains were kindly provided by Dr
Stephan Becker (Philipps-Universität Marburg, Marburg, Germany). AV and
Josiah strains were passaged four and five times before generating a stock,
respectively. Stocks were produced on Vero E6 cells at a multiplicity of infection
(MOI) of 0.01 in DMEM supplemented with 2% FBS and 0.5% P/S. Culture
supernatants were harvested, titrated on Vero E6 cells, checked for the absence of
Mycoplasma spp., aliquoted, and frozen at −80 °C.

Infection of animals. All infectious work with LASV and sample inactivation was
performed in a maximum containment laboratory (Laboratoire P4 Jean Mérieux,
Lyon, France). All cynomolgus monkeys (Macaca fascicularis) (12 females, 16
males, age range 2–3 years, weight range 2–5 kg) were purchased from SILABE
(Simian Laboratory Europe, Niederhausbergen, France). One group of four and
one group of six monkeys were infected with a subcutaneous injection (at the back
of the thigh) of 0.5 mL PBS containing 103 FFU of LASV-AV or LASV-Josiah
strain, respectively. Another control group of three monkeys was injected sub-
cutaneously with 0.5 mL PBS. Animals were followed for clinical signs of the
disease and euthanized according to a scoring based on body temperature, body
weight, feeding, hydration, behavior, and clinical signs. The experimentation
endpoint was placed at 28 days post-challenge and all animals that had survived to
this point were killed according to validated experimental procedures. Blood draws
were performed daily from the day of infection to the fourth DPI, every 2 days
from the fourth day to the 12th DPI, and every 3–4 days between the 12th day and
the end of the experiment. BM was harvested on the second, fourth, seventh, and

tenth day, as well as during necropsies. In parallel with the longitudinal follow-up
of animals, groups of three monkeys infected with 103 FFU of LASV-AV were
sequentially killed 2, 5, and 11 DPI. Other groups of three monkeys were also
infected with 103 FFU of LASV-Josiah and sequentially killed 2 and 5 DPI. Blood
and BM samples were harvested using the same protocol as described above. Full
necropsies were performed on each animal and organs were harvested for virologic
and pathological analyses. All procedures were approved by the Comité Régional
d’Ethique pour l’Expérimentation Animale Rhône Alpes (file number
2015062410456662, CECAPP, UMS3444/US8, Lyon, France).

Hematology and biochemistry analyses. Hematology was completed on a MS9
(Melet Schloesing Laboratories, Osny, France) and the following parameters were
evaluated in blood samples harvested in ethylenediamine tetraacetic acid (EDTA)
tubes: red blood cell count, hemoglobin concentration, hematocrit, mean corpus-
cular volume, mean corpuscular hemoglobin, mean corpuscular hemoglobin
concentration, platelets count, neutrophil count, lymphocyte count, monocyte
count, eosinophil count, and basophil count. Part of the biochemistry analyses was
completed on a Horiba Pentra C200 (Horiba, Kyoto, Japan) and the following
parameters were evaluated in blood samples harvested in heparin tubes: ALT, AST,
creatinine kinase, CRP, total bilirubin, direct bilirubin, gamma glutamyltransferase,
LDH, albumin, total protein, iron, uric acid, and calcium. The other part of the
biochemistry analyses was completed on an i-STAT (Abbott, Princeton, USA), with
an evaluation of the following parameters: sodium, potassium, chloride, total
carbon dioxide, glucose, anionic gap, creatinine, and urea.

LASV RNA detection. Viral RNA was extracted from plasma, cerebrospinal fluid,
and urine using QIAamp Viral RNA Minikits (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions. Organs were treated with RNA later
(Qiagen) prior to freezing. After weighing and grinding the various tissues, total
RNA was extracted using ViralRNeasy Minikits (Qiagen), according to the man-
ufacturer’s instructions. Quantification of viral RNA was performed using the
EuroBioGreen Lo-ROX qPCR mix (Eurobio, Les Ulis, France), with primers spe-
cific for LASV NP sequence: 5′- CTTTCACCAGGGGTGTCT-3′ and 5′-GTCACC
TCAGACAATGGATGG-3′ for LASV-Josiah and 5′-CTCTCACCCGGAGTAT
CT-3′ and 5′-CCTCAATCAATGGATGGC-3′ for LASV-AV. RT-PCR was per-
formed on a Light Cycler 480 II (Roche, Boulogne-Billancourt, France).

LASV titration. Vero E6 cells were infected with sequential dilutions of body fluids
and resuspended tissue and incubated at 37 °C in 5% CO2 for 7 days with car-
boxymethylcellulose (CMC) (1.6%) (BDH Laboratory Supplies, Poole, UK) in
DMEM supplemented with 2% FBS. Infectious foci were detected by incubation
with monoclonal antibodies (mAbs) directed against LASV antigens (mAbs L52-
54-6A, L53-237-5, and YQB06-AE05, generously provided by P. Jahrling,
USAMRIID, Fort Detrick, MD), followed by PA-conjugated goat polyclonal anti-
mouse IgG (Sigma-Aldrich).

Quantification of cytokines in plasma. Thirty-seven analytes were measured in
plasma samples using the following multiplex magnetic bead assays: NHP cyto-
kine/Chemokine Magnetic Bead Panels® I (GM-CSF, TGFα, GCSF, IFNγ, IL-2, IL-
10, IL-15, sCD40L, IL-17, IL-1ra, IL-13, IL-1β, IL-4, IL-5, IL-6, IL-8, MIP-1α,
MCP-1, TNFα, MIP-1β, IL12/23p40, VEGF, and IL-18) and II (FGF-2, Eotaxin, IL-
16, fractalkine, sCD137, granzyme A and B, IL-1α, IL-23, IP-10, sFasL, TNF-β, IL-
28A, and perforin) (Merck). Plates were prepared according to the manufacturers’
recommendations and analyzed on a Magpix® instrument (Merck). IFN-α2 levels
were detected in the plasma of animals using matched pair antibodies and standard
protein (Life technologies), according to the manufacturer’s instructions. For the
detection of LASV-specific IgG, polysorp plates (Nunc) were coated overnight with
lysates of LASV− or mock-infected Vero E6 cells as positive and negative antigens,
respectively. Plasma samples were then incubated for 2 h on both antigens at
dilutions of 1:250, 1:1000, 1:4000, and 1:16,000. Plates were further incubated with
polyclonal peroxidase-conjugated antibodies directed against NHP IgGγ-chain
(Kirkegaard and Perry Laboratories). Tetramethylbenzidine (TMB) (Eurobio) and
H3PO4 solutions were used for detection and the optical densities (OD) measured.
For the detection of LASV-specific IgM antibody titers, Maxisorp plates (Nunc)
were coated overnight with monkey anti-μ antibodies at a concentration of 5 µg/
mL and then saturated for 2 h with a 2.5% PBS-SAB solution before adding diluted
plasma samples at dilutions of 1:100, 1:400, and 1:1600. Negative and positive
LASV antigens were then added to the plates for 1 h before incubation with a
mouse anti-LASV antibody cocktail. Plates were then incubated with anti-mouse
peroxidase-conjugated antibodies before revelation with TMB and H3PO4 and
measuring the OD.

Neutralization assays. For plaque reduction neutralization assays, plasma samples
were diluted and mixed with 150 FFU of LASV strain Josiah. After 1 h, the mix-
tures were added to Vero E6 cells and incubated for 1 h before the addition of CMC
diluted in DMEM. After seven days, the number of foci was calculated by focus-
forming immunodetection using anti-LASV antibodies.
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Histology. Histopathology and immunohistochemistry were performed on
macaque tissues. Following fixation and inactivation of tissues for a minimum of
14 days in 10% neutral-buffered formalin and one formalin exchange, tissues were
removed from the BSL-4 and processed using a STP120 (Microm Microtech,
Brignais, France) and embedded with paraffin using aTES99 device (Tech-Inter,
Thoiry, France). Samples were sectioned (3–5 μm) and the resulting slides stained
with hematoxylin and eosin. Anti-LASV virus immunoreactivity was detected
using a custom anti-mouse GP2c antibody at a 1:50 dilution after unmasking of the
paraffin embedded samples. The secondary antibody was a ready-to-use peroxidase
coupled anti-mouse (N-Histofine, Microm Microtech). Samples were then coun-
terstained with hematoxylin before observation with a Leica DMi8 microscope and
LASX software.

Flow cytometry. Blood cell populations, proliferation, and cytotoxic activity
during the course of the disease were quantified from 50 µL of fresh whole blood.
Surface antibodies to human or NHP CD3, CD4, CD8, CD10, CD20, CD27, CD28,
CD45RA, CD56, CD69, CD80, and CD95 from BD Biosciences, CD86, CD1c,
HLA-DR, CD14 from Miltenyi Bitotech, and CD40 and CD279 from BioLegend
were stained for 30 min on ice. For surface staining only, cells were fixed after
lysing of the red blood cells using the Immunoprep Reagent System (Beckman
Coulter) according to manufacturer’s instructions.

For intracellular staining, red blood cells were lysed using PharmLyse (BD
Biosciences) and white cells were stained with surface antibodies, permeabilized
using the FoxP3 staining buffer set (Miltenyi), and stained using antibodies to Ki67,
GrzB (BD Biosciences), and perforin (Mabtech) before fixation in PBS with 1%
paraformaldehyde (PFA). Apoptotic and necrotic cells were identified using the
Annexin V Apoptosis Detection Kit with 7AAD (BioLegend) according to the
manufacturer’s instructions. Spleens, MLNs, and ILNs were manually crushed and
the tissue filtered with a 70-µm cell strainer to recover the cells. Red blood cells
were then lysed using ACK buffer (ThermoFisher Scientific) and cells from the
organs suspended in fresh RPMI medium supplemented with 1% Hepes, 5% fetal
bovine serum, and 0.5% P/S. Cells were then directly stained for intracellular and
extracellular markers using the same protocol and reagents described above. For
NK and B cells analysis, frozen PBMC and organs were thawed and washed in
RPMI 5% FCS, 1% Hepes, non-essential amino acids and 0.5% P/S. Cells were then
stained with surface antibodies for 30 min on ice with CD27, CD20, CD107a, and
CXCR3 antibodies (BD Biosciences), CD16 (Biolegend), NKp80 and NKG2d
(Miltenyi Biotech), and CD38 (Stemcell). Other antibodies used were described
above. Cells were washed once in PBS, 0.5% FCS and 2mM EDTA before fixation
with 1% PFA. Intracellular staining with Ki67 was performed using the same
intracellular staining method than above. Cells were analyzed using a 10-color
Gallios cytometer (Beckman Coulter) and the data analyzed using Kaluza software
(Beckman Coulter).

Transcriptomic analysis. Total RNA was extracted from PBMCs, splenocytes,
MLN, and liver using the RNeasy Extraction Kit (QIAGEN). RNA samples were
then quantified using the Quantifluor RNA system (Promega) and qualified using
Pico RNA Chips on a Bioanalyzer 2100 (Agilent). External RNA Controls Con-
sortium (ERCC) RNA Spike-in Mix 1 (ThermoFisher Scientific) was added to all
samples to limit the variability of samples in multiple batches and mRNA was poly
(A)-captured using NEXTflex Poly(A) beads (Bioo Scientific). The libraries were
prepared using the NEXTflex Rapid Directional RNA-seq (RNA sequencing) Kit
(Bioo Scientific) and were quantified and qualified using a Quantus quantification
kit (Promega) and a fragment analyzer advanced analytical. Sequencing was per-
formed on a NextSeq 500 Flow Cell High Output instrument (single read, 75 base
pairs). Three independent data sets were obtained: PBMCs from day 2 to 10,
PBMCs 1 DPI (PBMC1), and the organs. The first data set included 21 samples:
three infection status (mock, Josiah, and AV) and three timepoints (2, 4, and 10
DPI for LASV-infected animals and 28 DPI for the mock infection). The second
data set contained nine samples (three infection status, three animals per group).
The last one consisted of 69 samples: three organs (liver, spleen, and LNs), three
infection status (mock, AV, and Josiah), and three timepoints (2, 5, and 11 DPI for
LASV-infected animals and 28 DPI for mock-, as well as for AV-infected NHPs).

Bioinformatics analysis was performed using the RNA-seq pipeline from
Sequana72. Reads were cleaned of adapter sequences and low-quality sequences using
cutadapt version 1.1173. Only sequences of at least 25 nucleotides in length were
considered for further analysis. STAR version 2.5.0a74, with default parameters, was
used for alignment against the reference genome (Macaca Fascicularis 5 from
ENSEMBL version 95). Reads were assigned to genes using featureCounts version
1.4.6-p375 from Subreads package (parameters: -t gene -g ID -O -s 2).

Statistical analyses were performed to identify genes for which the expression
profiles were significantly different for each pair of biological conditions. For each
data set (PBMC, PBMC1, and organs), genes exhibiting expression lower than one
count per million for at least three samples were considered to have a low level of
expression and discarded from the analysis. For the PBMC and PBMC1 data sets,
differential analysis was performed using the DESeq2 R package (v1.24.0)76. The
model was adjusted for the effect of infection status, timepoints, animal identifier,
and sequencing lane, when relevant. For the organ data set, differential analysis was
performed using the limma R package (v3.40.6)77. Expression values were
normalized using voom transformation and the model was adjusted for the effect of

organ, infection status, timepoint, and animal identifier. For the organ data set, the
sex of the animals was not included because of the statistical confounding effects of
the experimental conditions of interest. For both data sets, gene set functional
analysis was performed to identify gene sets and pathways enriched in the various
biological conditions using the CAMERA function from the limma R package78

based on the same model as in the differential analysis. The interrogated gene
signatures included the Hallmark gene set and the Reactome and KEGG pathways
from the Molecular Signature Data Base79. The probabilities of lethal infection and
infection status were estimated using the RandomForest R package (v4.6-14)80.
Each probability was computed for each figure by estimating a random forest for
the gene expression subset for a specific number of genes (seven for lethal infection
and six for infection status). The resulting probabilities were predicted by the
model to assess the predictive ability of the selected biomarkers.

Statistical analysis. Statistical analyses of all collected data excluding tran-
scriptomics were performed using GraphPad Prism 8 (GraphPad, La Jolla, CA,
USA). Data of continuous variables are expressed as individual points or as the
mean ± standard error of the mean. Student’s t test or one-way analysis of variance
with multiple comparisons were used to compare the means between groups of
data with a normal distribution. The Kruskal–Wallis multiple comparisons test was
used to compare the means between groups of data with a non-normal distribu-
tion. The Shapiro–Wilk test was used to test for normality. The statistical analyses
performed on the transcriptomic data sets are described in the appropriate
Methods section. In addition, the sample sizes and number of replicates were
described in the text or figure captions.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data sets related to RNA sequencing generated during and/or analyzed during the
current study are not publicly available owing to further investigation currently in
progress but are available from the corresponding author on reasonable request.
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ABSTRACT Several Old World and New World arenaviruses are responsible for se-
vere endemic and epidemic hemorrhagic fevers, whereas other members of the Are-
naviridae family are nonpathogenic. To date, no approved vaccines, antivirals, or
specific treatments are available, except for Junín virus. However, protection of non-
human primates against Lassa fever virus (LASV) is possible through the inoculation
of the closely related but nonpathogenic Mopeia virus (MOPV) before challenge with
LASV. We reasoned that this virus, modified by using reverse genetics, would repre-
sent the basis for the generation of a vaccine platform against LASV and other
pathogenic arenaviruses. After showing evidence of exoribonuclease (ExoN) activity
in NP of MOPV, we found that this activity was essential for multiplication in antigen-
presenting cells. The introduction of multiple mutations in the ExoN site of MOPV
NP generated a hyperattenuated strain (MOPVExoN6b) that is (i) genetically stable
over passages, (ii) has increased immunogenic properties compared to those of
MOPV, and (iii) still promotes a strong type I interferon (IFN) response. MOPVExoN6b

was further modified to harbor the envelope glycoproteins of heterologous patho-
genic arenaviruses, such as LASV or Lujo, Machupo, Guanarito, Chapare, or Sabia vi-
rus in order to broaden specific antigenicity while preserving the hyperattenuated
characteristics of the parental strain. Our MOPV-based vaccine candidate for LASV,
MOPEVACLASV, was used in a one-shot immunization assay in nonhuman primates
and fully protected them from a lethal challenge with LASV. Thus, our hyperattenu-
ated strain of MOPV constitutes a promising new live-attenuated vaccine platform to
immunize against several, if not all, pathogenic arenaviruses.

IMPORTANCE Arenaviruses are emerging pathogens transmitted to humans by
rodents and responsible for endemic and epidemic hemorrhagic fevers of global
concern. Nonspecific symptoms associated with the onset of infection make
these viruses difficult to distinguish from other endemic pathogens. Moreover,
the unavailability of rapid diagnosis in the field delays the identification of the
virus and early care for treatment and favors spreading. The vaccination of ex-
posed populations would be of great help to decrease morbidity and human-to-
human transmission. Using reverse genetics, we generated a vaccine platform for
pathogenic arenaviruses based on a modified and hyperattenuated strain of the
nonpathogenic Mopeia virus and showed that the Lassa virus candidate fully
protected nonhuman primates from a lethal challenge. These results showed
that a rationally designed recombinant MOPV-based vaccine is safe, immuno-
genic, and efficacious in nonhuman primates.
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Lassa virus (LASV) is an Old World arenavirus responsible for a hemorrhagic fever that
is endemic in West Africa. Epidemiological data are scarce, but up to 300,000 people

may be infected annually, with several thousand of them succumbing to the disease (1),
while survivors often experience debilitating sequelae, such as irreversible deafness (2).
Lassa fever (LF) is the viral hemorrhagic fever (VHF) the most frequently imported to
northern countries, with approximately 30 cases during the last 10 years. More worry-
ing, the area of circulation of LASV is expanding, as illustrated by the outbreak of LF that
occurred in Benin in 2015, a country previously not affected by this virus, or by the
sporadic cases observed in Mali, Burkina Faso, Ghana, and Ivory Coast. Although the
mortality rate of LASV is frequently between 5 and 15%, outbreaks associated with a
mortality rate of approximately 30 to 40% have been observed recently in Nigeria and
Benin, and almost half of imported LF cases have resulted in death.

Arenaviruses are enveloped viruses with a bisegmented single-stranded RNA ge-
nome with an ambisense coding strategy. The large (L) segment encodes matrix
protein Z and RNA-dependent RNA polymerase L, whereas the small (S) segment
encodes the nucleoprotein (NP) and the precursor GPC of the envelope glycoprotein
GP1-GP2 (3). Except for pathogenic arenaviruses isolated in humans, most arenaviruses
have been isolated from their natural rodent reservoirs and have never been associated
with human disease. Among Old World arenaviruses, Mopeia virus (MOPV) has been
isolated in Mozambique from the same natural reservoir as LASV, Mastomys natalensis,
and is closely related to LASV, sharing approximately 75% amino acid homology (4).
MOPV is nonpathogenic in nonhuman primates (NHP) and can even protect them
against a lethal challenge with LASV (5, 6). We have previously shown that both viruses
share specific tropism for antigen-presenting cells (APC), in particular dendritic cells
(DC) and macrophages (MP) (7, 8), but only MOPV (i) activates APC, (ii) induces type I
interferon (IFN) production (9), and (iii) promotes a robust activation of T cells harboring
functional cytotoxic properties (10). The greater immunogenicity of MOPV than of
LASV, together with their close relationship, may explain the fact that MOPV is a
“natural live-attenuated” vaccine against LASV. However, the complete absence of
pathogenicity in NHP has not been demonstrated (6), and limited virulence has been
observed in a mouse model (11). Thus, this natural virus cannot be used in humans as
a vaccine.

Reverse genetics greatly improved the range of possibilities to study arenaviruses,
which also included the generation of attenuated viruses for vaccine purposes (12, 13).
Hence, viruses with a switch of the open reading frame (ORF) or codon deoptimization
in the S segment of lymphocytic choriomeningitis virus (LCMV) are viable and atten-
uated and protected mice from lethal challenge with wild-type (WT) LCMV (14–16).
Similar results were obtained with the replacement of the intergenic region of the L
segment with that of the S segment of LCMV (17, 18). To combat LF, several vaccine
candidates against LASV have already been assayed in NHP models and showed
promising results. A vesicular stomatitis virus (VSV)-based candidate expressing LASV
GPC fully protected NHP against several LASV strains (19, 20), but the use of the VSV
backbone in humans might be hampered because of possible side effects (21). The
expression of LASV GPC is sufficient to promote strong CD4� and CD8� T-cell re-
sponses, but other virus-derived antigens may also confer protection (20). To date, the
only arenavirus-based vaccine for LF is the Mopeia/Lassa virus reassortant virus ML29,
which harbors the L segment of MOPV and the S segment of LASV. ML29 was shown
to protect NHP in a challenge with LASV, but the lack of reverse genetics for ML29
impedes the manipulation and control of its genome, particularly with WT NP of LASV,
a known virulence factor that drastically dampens the type I IFN response in APC (22).
Taken together, these results suggest that if MOPV can act as a vaccine for LASV, a
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reverse-genetics system for MOPV used with an attenuated virulence factor(s) and
specific LASV antigenic properties would represent a promising new vaccine strategy.

NP of arenaviruses contains a DEDDH exoribonuclease (ExoN) domain that can
digest double-stranded RNA (dsRNA), limiting the recognition of pathogen-associated
molecular patterns by cell sensors and suppressing the induction of type I IFN re-
sponses (23, 24). We first confirmed that NP of MOPV has 3=-to-5= exoribonuclease
activity and used reverse genetics to generate a recombinant MOPV in which this
function of NP was stably abrogated. This virus is highly attenuated in APC, more
immunogenic than MOPV itself in terms of cell activation, and promotes a type I IFN
response comparable to that with WT MOPV (MOPVWT). Further modifications of the
genome of this “hyperattenuated” version of MOPV, named MOPEVAC, allowed the
introduction of the heterologous GPC ORF to generate MOPV-based strains against
pathogenic Old World and New World arenaviruses. The MOPVExoN6b GPC LASV candidate
(MOPEVACLAS) was then used to immunize cynomolgus macaques before challenge
with LASV. All immunized animal survived challenge, while all terminally ill control
animals were euthanized. Our results establish the basis of an efficacious and versatile
recombinant MOPV-based arenavirus vaccine platform against pathogenic arenavi-
ruses.

RESULTS
Reverse genetics for generation of an ExoN knockout-based attenuated MOPV.

Previous studies have demonstrated the potential of MOPV to provide protection from
LF (5, 6, 25). We propose the use of MOPV as a molecular basis for the development of
a putative vaccine platform for pathogenic arenaviruses. NP of most arenaviruses is a
virulence factor that is able to hinder the recognition of dsRNA intermediates by cellular
sensors through their ExoN activity. We assessed the potential ExoN activity of NP of
MOPV and its inhibition by synthesizing the C-terminal domains (residues 354 to 569)
of WT MOPV and the D390A/G393A (NP ExoN) double mutant and incubating them for
up to 30 min with radiolabeled 20-bp-long dsRNA probes. Gel separation of the
reaction products showed that the WT domain was able to degrade the probe in a time-
and Mn2�-dependent manner, contrary to the D390A/G393A mutant, which was
unable to degrade the probe (Fig. 1A). We further assessed the role of ExoN activity in
the inhibition of dsRNA sensing by cell host factors. We cotransfected HEK293T cells
with a plasmid driving the expression of firefly luciferase (FF-Luc) under the control of
an IFN regulatory 3 (IRF3)-dependent promoter along with expression plasmids for
hemagglutinin (HA)-tagged versions of NP from the WT or the ExoN mutant (D390A/
G393A) of MOPV, before infection with Sendai virus (SeV). The HA-tagged versions of
the WT or the ExoN mutant (D389A/G392A) of LASV were used as controls. Western blot
analysis of the cellular NP content showed a general decrease in the expression level
of LASV NP relative to that of MOPV NP in our assay, regardless of the amount of
transfected plasmids used. Both the WT and the ExoN mutant of MOPV were expressed
at similar levels. In the absence of NP, SeV infection increased IRF3-dependent FF-Luc
activity (mock) by 260-fold. The WT versions of both LASV and MOPV NP significantly
inhibited this activity by 95 and 90%, respectively, whereas mutated NP was unable to
inhibit FF-Luc activity by more than 10% at the lowest concentration and 60% at the
highest (Fig. 1B). Hence, MOPV NP has ExoN activity that can be reduced by the
introduction of mutations in the active site of the enzyme.

We next investigated the consequence of the introduction of the same mutations in
NP of MOPV in an infectious context by setting up a four-plasmid reverse-genetics
system for MOPV similar to that of LASV (26). Both WT recombinant MOPV (rec-
MOPVWT) and the recombinant ExoN mutant of MOPV (rec-MOPVExoN) were rescued,
and the kinetics of their growth were compared to that of the WT natural virus
(nat-MOPVWT) in Vero E6 cells infected at a multiplicity of infection (MOI) of 0.001 (Fig.
1C). The growth rates of nat- and rec-MOPVWT rapidly reached a plateau and were
indistinguishable from each other. The growth curve of rec-MOPVExoN was parallel to
that of the WT counterparts but with a 15-fold-lower titer. Similar results were obtained
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with Vero E6 cells infected at an MOI of 0.01 (data not shown). Both versions of MOPVWT

had similar plaque phenotypes, whereas rec-MOPVExoN had a small-plaque phenotype.
The delayed and reduced multiplication of MOPV ExoN in Vero E6 cells suggests that
the introduction of these mutations is responsible for the observed attenuation.

To verify the attenuated profile of our rec-MOPVExoN, we infected monocyte-derived
MP along with nat-MOPVWT or rec-MOPVWT. MP were infected with all three viruses at
an MOI of 0.1, and the cell culture supernatants were collected for 4 days and titrated
in order to compare their capacities to replicate (Fig. 2A). Both natural and recombinant
strains of MOPVWT were able to sustain multiplication throughout the experiments. We
were unable to detect infectious rec-MOPVExoN in the supernatants of MP. To compare
the immunogenicity of rec-MOPVExoN with those of the WT viruses, MP infected with

FIG 1 MOPV NP has ExoN activity required for efficient multiplication. (A) In vitro degradation of a 5=-�-32P-labeled dsRNA
probe by the recombinant C-terminal domain of WT or D390A/G393A mutant MOPV NP. Purified ExoN domains and
substrate probes were incubated with 5 mM MnCl2 for up to 30 min. The WT ExoN domain was incubated with EDTA (10
mM) as a positive control for the abrogation of ExoN activity. T, time. (B) Inhibition of SeV-induced IRF3 activation by ExoN
activity of MOPV NP. HEK293T cells were transfected with plasmids encoding WT or ExoN mutant NP of MOPV or LASV
along with a plasmid with FF-Luc under the control of an IRF3 response element (p55CIB-Luc) for 24 h prior to infection
with SeV. At 24 h postinfection, cells were lysed, and Luc activities were measured by using the Dual-Glo luciferase assay
(Promega). FF-Luc activity was normalized to that of renilla Luc. Both levels of luciferase activity are expressed as arbitrary
units, and the results are expressed as the means � standard errors of the means of data from three independent
experiments performed in triplicate. ***, P � 0.001. The vertical lines indicate where the original blots were spliced
together. NI, noninfected. (C) Reverse genetics for MOPV. Transfection of mouse Pol-I-driven expression plasmids for the
S (with the WT or D390A/G393A mutant NP ORF) and WT L segments with plasmids encoding WT NP and L-polymerase
(Lpol) ORFs of MOPV allowed the rescue of rec-MOPVWT and rec-MOPVExoN. The replication kinetics of passage 2
recombinant viruses were compared to those of nat-MOPVWT in Vero E6 cells infected at an MOI of 0.001. Supernatants
were collected and titrated. Results are expressed as FFU per milliliter. Plaque phenotypes for the three viruses harvested
72 h after infection are shown.
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these viruses at an MOI of 1 were monitored for the cell surface expression of activation
markers 48 h after infection (Fig. 2B). Infection with nat- or rec-MOPVWT promoted
similar increases in the expression levels of CD40 and CD80 in MP compared to those
under mock conditions, but this difference was not significant. In contrast, there was a
large and significant increase in the percentage of cells that were positive for the
surface expression of both molecules following rec-MOPVExoN infection (P � 0.01 and
P � 0.001, respectively). All three viruses promoted similar increases in CD86 expression
levels in MP compared to mock-infected MP (P � 0.001). We then compared the type
I IFN responses to infection with the three viruses by the quantification of mRNA levels
of IFN-�, IFN-�1, and IFN-�2 in infected MP. All viruses promoted robust increases in the
mRNA levels of all three IFNs compared to mock infection. Our results indicate that the
knockdown of ExoN activity in MOPV prevents the replication of the virus and promotes
strong cellular activation in MP but has a limited impact on increasing an already strong
type I IFN response. We reasoned that the generation of this hyperattenuated MOPV
could constitute the starting point for a MOPV-based vaccine platform for pathogenic
arenaviruses.

Reinforcement of the mutation at the ExoN site of MOPV NP. The attenuation of
ExoN of MOPV relies on the introduction of two mutations, in the active site of the
enzyme, of residues involved in the divalent cation binding site. Since we previously
observed reversion to the WT in a single ExoN NP mutant of LASV, we substituted up
to five additional residues (mutant 3 [M3] to M7) (Fig. 3A) of the DEDDH domain of
MOPV NP that are in direct or close contact with the divalent cation required for ExoN
activity to strongly minimize the probability of the reversion of the ExoN-mutated NP

FIG 2 ExoN mutant MOPV is a potent activator of MP and the type I IFN response. MP were infected with
nat-MOPVWT, rec-MOPVWT, or rec-MOPVExoN for 1 h; washed twice; and cultured in complete MP medium.
(A) The supernatants of MP infected at an MOI of 0.1 were collected after infection, and every 24 h for
4 days, and titrated. (B) MP infected at an MOI of 1 were detached 48 h after infection; saturated with
human IgG; surface stained with antibodies to CD40, CD80, and CD86 before final fixation in PBS–1% PFA;
and analyzed by flow cytometry (BD Biosciences). **, P � 0.01; ***, P � 0.001. (C) RT-qPCR analysis of
IFN-�1, -�2, and -�; TNF-�; and CXCL10 mRNA levels in mock-infected MP and MP infected at an MOI of
1, 24 h after infection. The expression levels of all genes were normalized to GAPDH mRNA levels. The
final results are expressed as fold induction relative to GAPDH. The results represent the means �
standard errors of the means of data gathered from four different donors.
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FIG 3 Reinforcement of the mutated ExoN site of MOPV NP. (A) Schematic representation of the DEDDH domain
of MOPV NP and nomenclature of the introduced mutations. The capacities of WT and mutated NP to inhibit the
IRF3-dependent expression of FF-Luc activity in HEK293T cells infected by SeV were measured and normalized as
described in the legend of Fig. 1B. The results obtained are shown as the means � standard errors of the means
of data from three independent experiments performed in triplicate. (B) Reverse genetics for the NP mutant viruses
MOPVExo3, MOPVExo5, and MOPVExoN6b and comparison of growth kinetics with those of MOPVWT and MOPVExoN in
Vero E6 cells. Infected-cell supernatants were collected and titrated as described in the legend of Fig. 1D. (C to F)
MP were infected with MOPVWT, MOPVExoN, and MOPVExoN6b for 1 h; washed twice; and cultured in complete MP
medium. (C and D) The supernatants of MP infected at an MOI of 0.1 were collected and titrated (C), and NP RNA
was quantified from total RNA extracted from infected cells by using an in-house RT-qPCR assay (D). (E) MP infected
at an MOI of 1 were stained 48 h after infection for cell surface expression of the CD40, CD80, and CD86 activation
markers before analysis by flow cytometry. (F) RT-qPCR quantification of IFN-�1, -�2, and -� mRNA levels in
mock-infected MP and MP infected at an MOI of 1, 24 h after infection, normalized to GAPDH mRNA levels, as
described in the legend of Fig. 2C. The results represent the means � standard errors of the means of data
collected from three different donors. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

Carnec et al. Journal of Virology

June 2018 Volume 92 Issue 12 e02230-17 jvi.asm.org 6

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
20

 O
ct

ob
er

 2
02

2 
by

 1
93

.5
0.

96
.2

34
.

http://jvi.asm.org


ORF to the WT (27). The selected mutations were first introduced into an HA-tagged
MOPV NP expression plasmid, and their capacity to block the IRF3-driven response to
SeV infection in HEK293T cells was measured. All mutated NP had similar expression
profiles, regardless of the number of mutations of the ExoN active site (Fig. 3A). WT
MOPV NP inhibited 95% of FF-Luc IRF3-dependent induction, whereas all other mutants
had at least a 10-fold decrease in ExoN activity (Fig. 3A). We then introduced these
mutations into the NP ORF of the MOPV S segment, and the corresponding viruses were
rescued. The ExoN4, ExoN6a, and ExoN7 mutant viruses were discontinued, as they had
low titers and delayed kinetics incompatible with further studies. The ExoN3, ExoN5,
and ExoN6b variants had titers, growth kinetics, and plaque phenotypes in Vero E6 cells
that were similar to those of MOPVExoN (Fig. 3B).

The MOPVExoN6b variant was selected for further analysis, as it contained the highest
number of mutations. We investigated its capacity to replicate and induce an immune
response in APC. MP were infected at an MOI of 0.1, and cell culture supernatants were
titrated. Similar to MOPVExoN, MOPVExoNb6 was not released from infected MP, in
contrast to MOPVWT (Fig. 3C). Quantification of viral RNA in infected MP showed an
increase in viral RNA copy numbers for MOPVWT starting 24 h after infection. In contrast,
the viral RNA content in MOPVExoN- and MOPVExoN6b-infected cells decreased through-
out the experiment (Fig. 3D). We monitored the cell surface activation markers CD40,
CD80, and CD86 after infection at an MOI of 1. Both MOPVExoN and MOPVExoN6b

promoted enhanced numbers of CD40- and CD80-positive MP compared to MOPVWT,
but only CD80 expression was significantly increased between WT and mutated MOPV
(P � 0.01). CD86 was highly upregulated in infected MP relative to mock-infected cells
for all three viruses (P � 0.001) (Fig. 3E). The type I IFN response of infected MP was
1,000- to 10,000-fold greater than that in noninfected MP for all three viruses (Fig. 3F).
MOPVExoN6b showed the same growth characteristics as those of MOPVExoN, despite the
four additional mutations being introduced into the ExoN active site of the NP. Both
viruses were unable to replicate in MP but promoted stronger activation than did
the WT virus and a comparable type I IFN response. We thus propose the use of
hyperattenuated MOPVExoN6b, with the reinforced knockout of ExoN activity, as a
platform for the design of vaccine candidates against pathogenic arenaviruses and
name it “MOPEVAC.”

Swapping the GPC ORF of LASV and MOPV to generate a vaccine specific for
Lassa fever. In order to use GPC of pathogenic arenaviruses as specific antigens for
immune activation in the MOPEVAC backbone, we investigated whether the enve-
lopes of MOPV and LASV might be involved in virulence. We modified the S
segments of both viruses and used reverse genetics to generate MOPV expressing
GPC of LASV (MOPVGPC LASV) and LASV expressing GPC of MOPV (LASVGPC MOPV) (Fig.
4A). We first analyzed their replication along with those of their WT counterparts in
Vero E6 cells and found that all four viruses had similar titers and growth kinetics,
reaching a plateau 3 days after infection. Only LASVGPC MOPV showed a slight delay 24
h after infection relative to the other viruses (Fig. 4B). We then used these viruses to
infect MP at an MOI of 1 and quantified the type I IFN response by reverse transcription-
quantitative PCR (qRT-PCR) 24 h after infection (Fig. 4C). We confirmed that MOPVWT is
more immunogenic than LASVWT, as type I IFN mRNA levels induced by MOPV were
higher than those induced by LASV. The GPC chimeric viruses induced type I IFN mRNA
levels comparable to those of their respective WT counterparts. Our results provide
direct evidence that GPC does not play a role in the control of the type I IFN response
in MP.

MOPEVAC as a vaccine platform for pathogenic Old World and New World
arenaviruses. Based on the use of the MOPEVAC platform, we developed a common
strategy to produce vaccines against pathogenic arenaviruses. A GPC-deleted
version of the MOPVExoN6b S segment was generated for the direct insertion of the
GPC ORF of related pathogenic Old World or New World arenaviruses (Fig. 5A). We
generated six chimeric MOPVExoN6b expressing GPC from LASV, Lujo virus (LUJV),
Machupo virus (MACV), Guanarito virus (GUAV), Chapare virus (CHAV), and Sabia
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virus (SABV). The GPC chimeras of LASV (MOPEVACLAS), LUJV (MOPEVACLUJ), and
MACV (MOPEVACMAC) had plaque phenotypes, titers, and growth rates similar to
those of the parental MOPEVAC in Vero E6 cells (Fig. 5A). The GPC chimeras of GUAV
(MOPEVACGUA), CHAV (MOPEVACCHA), and SABV (MOPEVACSAB) had 5- to 10-fold-
lower titers and smaller-plaque phenotypes (Fig. 5A, right). To assess their stability,
MOPEVAC, MOPEVACLAS, MOPEVACLUJ, and MOPEVACMAC were passaged iteratively
up to 10 times in Vero E6 cells at an MOI of 0.01. The titers of the mutated viruses
were compared with that of MOPVWT obtained under identical conditions (Fig. 5B). We
observed a general decrease in the titers of all viruses from passage 2 to passage 5,
which was more pronounced for MOPEVAC and MOPEVACMAC than for the others.
Except for MOPEVAC, all other viruses recovered titers similar to titers obtained at
passage 1 from passages 6 to 10. We then investigated the stability of the genome of
MOPVWT, MOPEVACLAS, MOPEVACLUJ, and MOPEVACMAC throughout these passages.
Viral RNA was extracted from stocks obtained at passages 1 and 5 and submitted to
deep-sequencing analysis. The results showed an almost total coverage of the genome
sequence, except for the intergenic region of the S segment, which is notably difficult

FIG 4 GPC of LASV and MOPV are not involved in the type I IFN response. (A) Schematic representation of the GPC-deleted version of the LASV
or MOPV S segments used to generate the chimeric viruses MOPVGPC LASV and LASVGPC MOPV. (B) Growth kinetics of the recombinant viruses
MOPVWT, MOPVGPC LASV, LASVWT, and LASVGPC MOPV in Vero E6 cells infected at an MOI of 0.01. Supernatants of infected cells were titrated as
described above. (C) RT-qPCR quantification of IFN-�1, -�2, and -� mRNA levels in mock-infected MP and MP infected at an MOI of 1, 24 h after
infection, normalized to GAPDH mRNA levels. Results represent the means � standard errors of the means of data collected from three different
donors.
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to sequence because of the repeated sequences and secondary structures (data not
shown). At passage 5, sequences were identical to the respective cloned sequences
used for rescue, with no mutation in MOPVWT and only the ExoN mutations in the
MOPEVAC-based viruses. All heterologous GPC sequences introduced into MOPEVAC
were also identical to their respective sequences of reference. We did not detect the
emergence of mutations in heterologous GPC or other regions of the MOPEVAC
genome. Notably, we noted the presence of WT NP sequences in the first passages that
likely originated from the residual presence of the pTM1-NP plasmid transfected at the
time of rescue. However, 100% of the sequences were ExoN6b at passage 5. We then
evaluated the ability of MOPEVACLAS to activate the immune response in MP and
compared it to those of MOPVWT and MOPEVAC. The kinetics of replication in MP after
infection at an MOI of 0.1 showed that MOPEVACLAS was unable to proliferate in MP,
similarly to MOPEVAC and in contrast to MOPVWT (Fig. 6A). Viral RNA levels in cells
infected with the MOPEVAC-based constructs slowly decreased during the course of
the infection (Fig. 6B). Forty-eight hours after infection, 80% of MP infected with
MOPEVAC and MOPEVACLAS at an MOI of 1 expressed CD40 at their cell surface, a 2-fold
increase compared to MOPVWT-infected MP (P � 0.01). An 8- to 10-fold increase in the

FIG 5 Generation of a vaccine strain platform for arenaviruses based on attenuated recombinant MOPV. (A)
Reverse-genetics strategy for the generation of MOPVExoN6b expressing GPC of the pathogenic arenaviruses LASV,
LUJV, MACV, GUAV, CHAV, and SABV. Passage 2 viruses were used to infect Vero E6 cells at an MOI of 0.01, and
supernatants were collected and titrated. A representative example of the plaque phenotype of passage 2 viruses
is shown. (B) Multiple passages of MOPVWT, MOPVExoN6b, MOPVExoN6b GPC LASV, MOPVExoN6b GPC LUJV, and MOPVExoN6b

GPC MACV in Vero E6 cells. De novo stocks of all five viruses, from passage 1 to passage 10, were used to infect cells
for 4 days at an MOI of 0.01.
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number of CD80-positive MP was observed for MOPEVAC- and MOPEVACLAS-infected
cells compared to MOPVWT-infected cells (P � 0.01 and P � 0.001). On the contrary,
CD86 was expressed at the surface of fewer MOPEVAC- and MOPEVACLAS-infected cells
than in MOPVWT-infected MP (P � 0.01) (Fig. 6C). The type I IFN response for the
MOPEVAC-based constructs was similar to that for MOPVWT, which was at least 3 logs
higher than those under mock conditions (Fig. 6D). The quantification of IFN-�2 levels
in the supernatants of the corresponding infected MP (MOI of 0.1) confirmed the robust
induction observed at the mRNA level. We detected 27- and 108-fold more IFN-�2 in
the supernatants of MOPEVAC- and MOPEVACLAS-infected cells, respectively, than in
the supernatants of WT MOPV-infected MP (Fig. 6E). Taken together, our results show
that MOPEVACLAS induced cellular activation and a strong type I IFN response in
infected MP similar to those induced by its parental MOPEVAC. Therefore, the GPC ORF
present on the surface of our vaccine candidates does not modify their capacity to
activate APC.

A single shot of MOPEVACLAS protects cynomolgus monkeys against LASV
challenge. To confirm the potential of our MOPEVACLAS candidate as an effective
vaccine against LASV, we immunized four cynomolgus monkeys with 6 � 106 focus-
forming units (FFU) 37 days before challenge with LASV (Josiah strain). Three animals
were treated with an irrelevant vaccine and used as controls. A single dose of either
vaccine was injected during the study. Following the subcutaneous injection of
MOPEVACLAS, we did not record any sign of clinical symptoms or viremia during the 37

FIG 6 The MOPEVACLAS strain is an effective activator of MP and the type I IFN response. MP were infected
with MOPVWT, MOPVExoN6b, or MOPVExoN6b GPC LASV for 1 h, washed twice, and cultured in complete MP
medium. (A) The supernatants of MP infected at an MOI of 0.1 were collected after infection for 4 days and
titrated as described in Materials and Methods. (B) Total RNA was extracted from the cells, and NP RNA
levels were quantified by using an in-house RT-qPCR assay. (C) Cell surface expression of CD40, CD80, and
CD86 in mock-infected MP and MP infected at an MOI of 1, 48 h after infection. (D) Total RNA in MP infected
at an MOI of 1 were collected 24 h after infection and DNase treated, and mRNA levels of IFN-�1, -�2, and
-� were quantified after oligo(dT) cDNA-driven RT and primer/probe PCR quantification (Applied Biosys-
tems). The expression levels of all genes were normalized to GAPDH mRNA levels. The final results are
expressed as fold induction relative to GAPDH. (E) Quantification of IFN-�2 levels in supernatants of infected
MP (MOI of 0.1) harvested 24 h postinfection by an ELISA. For panels C to E, results represent the means �
standard errors of the means of data collected from three different donors. **, P � 0.01; ***, P � 0.001.
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days before challenge, except for low-grade fever observed for all animals on the day
of immunization. Blood samples were collected at several time points, and the activa-
tion of CD4� and CD8� T cells was measured after stimulation with LASV GPC-derived
peptides. Our results showed that tumor necrosis factor alpha (TNF-�)-producing CD8�

and CD4� T cells were induced 14 days after immunization in most immunized animals
in response to LASV GPC-derived peptides. In one animal, GPC-specific CD8� T cells
were rather detected 30 days after immunization, while in another one, GPC-specific
CD4 T cells circulated for 14 days postimmunization (Table 1). Importantly, neutralizing
antibodies specific for MOPEVACLAS were detected in the plasma of all immunized
animals 23 days after immunization. Thus, a single shot of MOPEVACLAS was able to
induce both cellular and humoral immune responses against LASV.

All animals were then submitted to a challenge with LASV injected subcutaneously
(1,500 FFU). The three control animals presented severe clinical signs, including fever,
anorexia, prostration, and final hypothermia, and were killed at between days 12 and
15 after reaching the endpoint defined in the protocol. The four animals immunized
with MOPEVACLAS survived the challenge. Three animals presented a fever from days 5
to 10, while the temperature of the fourth animal remained within the normal range.
No other symptoms were recorded throughout the course of the challenge. Our results
showed that MOPEVACLAS fully protects animals against a lethal challenge with LASV.
Taken together, these results showed that our hyperattenuated MOPV-based LASV
vaccine candidate is effective.

DISCUSSION

The close relatedness of MOPV to LASV makes it a live-attenuated vaccine against
LASV (5, 25, 28). However, the lack of a complete understanding of MOPV behavior in
NHP and, more importantly, the lack of data concerning MOPV infection in humans
impede its use as a vaccine against LASV. The reassorted virus ML29 allows the
presentation of LASV GP1 and GP2 to the immune system, both of which are antigens
that are known to be sufficient for protection against LASV (19, 28–31). Indeed, ML29
is highly immunogenic in NHP, and a single shot fully protects them against a lethal
LASV challenge (31). The viability and attenuation profile of ML29 likely rely on the close
relationship between both viruses, but such a strategy to generate vaccines for other
pathogenic arenaviruses may not be extendable. Moreover, the prolonged presence of
infectious material in blood and/or organs, including brain and lungs, after immuniza-
tion and also the possibility of shedding through oral, rectal, and vaginal secretions
make it difficult to cope with today’s standard for human vaccine purposes (31). These
results suggest that WT LASV ExoN activity renders ML29 capable of multiplying in
monkey cells, thereby explaining the presence of infectious material weeks after
immunization in NHP and an even higher level of viremia in immunocompromised
NHP. Taken together, these results raise questions regarding the host control of this
vaccine strain despite its efficacy (31, 32). Here, we developed a rationally designed

TABLE 1 Immunogenicity and efficacy of MOPEVACLAS in LASV NHP challenge

Animal Vaccine
MOPEVACLAS-NAb
titera

% of CD8� T cells
producing TNF-�b

% of CD4� T cells
producing TNF-�b

Day of
death

1 MeV Schwarz Neg Neg Neg 12
2 MeV Schwarz Neg Neg Neg 14
3 MeV Schwarz Neg Neg Neg 15
4 MOPEVACLAS 1:100 0.07c 0.15 Survived
5 MOPEVACLAS 1:250 0.05 0.11d Survived
6 MOPEVACLAS 1:100 2.62 1.12 Survived
7 MOPEVACLAS 1:100 0.37 0.39 Survived
aFifty percent MOPEVACLAS-neutralizing antibody (NAb) titers.
bPercentages of LASV GPC-specific CD8� and CD4� T cells producing TNF-� at day 21 postimmunization.
Neg, negative.

cPercentage of LASV GPC-specific CD8� T cells producing TNF-� at day 30 postimmunization.
dPercentage of LASV GPC-specific CD4� T cells producing TNF-� at day 14 postimmunization.
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vaccine platform that is easily applicable to Old World and New World arenaviruses and
quickly adaptable to new emerging viruses. Our approach is based on the modification
of MOPV, which is possible by using a reverse-genetics system similar to the one that
we developed for LASV (26). The ExoN activity located in the C-terminal domain of NP
of LASV digests the dsRNA intermediates generated during viral replication, making its
RNA less visible to retinoic acid-inducible gene I (RIG-I) and MDA5, the main cellular
sensors involved in the type I IFN response induced by arenaviruses (22, 33). The
DEDDH motif characteristics of this ExoN activity is conserved among arenaviruses,
even in those not associated with pathogenicity in humans or NHP, including MOPV.
We show here that the ExoN activity of MOPV is functional, is capable of digesting
dsRNA, and inhibits type I IFN induction. We have not been able to compare the activity
of MOPV ExoN with the one of LASV at the enzymatic level, but it seems that the
increases of type I IFN mRNA synthesis in infected MP compared to the mock-infected
counterparts are equivalent (about 3 logs) after the abrogation of LASV (26) and MOPV
ExoN (this study) activities. However, the variations of type I IFN mRNA synthesis and
IFN-�2 release between MOPV or LASV and its ExoN-deficient counterpart are more
elevated in the case of LASV (26). This result suggests that a more efficacious ExoN
activity of LASV, fine-tuning of NP expression, the ability to interact and inhibit the
cellular partner’s activity, and/or other virulence factors may be responsible for the
differences in type I IFN inhibition and pathogenicity between LASV and MOPV. A
recent report suggested that the Z protein of LASV, but not that of MOPV, can bind
RIG-I and MDA5 and suppress subsequent type I IFN induction (34). Moreover, LASV NP
has been shown to bind I�B kinase � (IKK�) and to inhibit the further phosphorylation
of IRF3 (35). The ability of MOPV NP to bind this factor is not known, and no cellular
partners have been identified so far. Finally, it was recently demonstrated that the
polymerase of MOPV, but not that of LASV, is able to induce the activation of RIG-I and
MDA5, probably through the synthesis of dsRNA (36). Altogether, these additional
mechanisms may account for the differences in pathogenicity and immunogenicity
between LASV and MOPV, thereby explaining the attenuation of ML29.

The ExoN mutation in MOPVExoN induced attenuation in Vero E6 cells, which are
unable to produce type I IFN, and completely impeded replication in human MP, in
contrast to the WT virus. Furthermore, MOPVExoN was more immunogenic than its WT
counterpart in human MP, with a slight increase of type I IFN mRNA synthesis and a
strong upregulation of surface activation molecules. The abrogation of the ExoN
activity of NP gave rise to a hyperattenuated MOPV, which is immunogenic in APC but
unable to replicate in these cells and constitutes the cornerstone for the development
of our live-attenuated vaccine against LASV. The risk of reversion toward a WT geno-
type/phenotype during virus passages was considered, as the abrogation of the ExoN
domain of MOPVExoN relied on only two amino acid changes. Additional mutations
targeting the residues involved in the catalytic site of the enzyme were introduced to
circumvent this issue. We generated MOPVExoN6b, in which the abrogation of ExoN
activity relies on six amino acid changes, and found that this virus is stable and retained
the same replication and immunogenic properties as those of the initial MOPVExoN. This
virus therefore constituted our vaccine backbone and was named MOPEVAC (Fig. 3).

Anti-GP immunity is mandatory for an arenavirus vaccine (19, 25). As this antigen has
been shown to be sufficient to induce protective immunity, it would be unreasonable
to use WT MOPV GPC as a heterologous antigen considering the wide array of
circulating LASV strains (37). Previous studies suggested that GPC of New World
arenaviruses may be involved in virulence (38–41). On the contrary, a large body of
evidence arises from ML29 studies and argues against a role of LASV GPC in the
virulence of LASV compared to MOPV. Indeed, no adverse effect has been observed
after the inoculation of ML29, expressing LASV GPC, in guinea pigs or NHP (30, 31). To
confirm that LASV GPC will not modify the virulence of MOPV, we assessed whether
exchanging GPC of MOPV with that of LASV modifies the profile of the type I IFN
response in ExoN mutant and WT viruses. Chimeric LASV and MOPV carrying GPC of the
other virus had the same type I IFN response as their WT counterparts (Fig. 4C). These
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results suggest that MOPEVAC will be a safe platform, regardless of the GPC encoded.
The knockdown of the ExoN function abrogates effective replication within human APC,
despite infection, thereby preventing any virulence from the expression of the viral
envelope. Consequently, it is likely that this vector will not persist in the host and will
be rapidly eliminated without spreading. This property is an important feature for an
arenavirus-based vaccine, given the ability of some arenaviruses, such as LCMV, to
induce persistent infection. We therefore swapped GPC of MOPV with GPC of Old World
and New World arenaviruses known to induce VHF, thereby allowing the rescue of six
potential vaccine candidates.

To demonstrate that MOPEVAC is a safe and immunogenic vaccine platform that is
able to provide protection after a single shot, we performed a proof-of-concept
experiment with MOPEVACLAS in the relevant cynomolgus monkey model. Previous
results demonstrated that MOPV can induce robust T-cell responses, including cyto-
toxic T cells, in an in vitro model for the induction of primary T-cell responses (10). We
show here that the MOPEVACLAS is able to generate robust humoral and T-cell
responses within weeks following immunization. The LASV challenge succeeded with
100% protection in immunized animals, while all mock-treated animals were eutha-
nized due to advanced LF symptoms. Further studies are still required to assess the
complete potential of our MOPV-based vaccine platform. First, the safety of the MOPV
backbone must be confirmed by investigating the presence or the absence of shedding
and of sterilizing immunity in NHP. We also need to understand the molecular mech-
anisms that drive the antigen presentation of the MOPEVACLAS live-attenuated virus for
T- and B-cell activation. We detected the presence of neutralizing antibodies specific for
MOPEVACLAS in immunized NHP before challenge. This significant amount of neutral-
izing antibodies demonstrates that the vaccine has been able to induce a functional
humoral response directed against LASV GPC. Also of note is the potency of MOPEVAC
in inducing neutralizing antibodies, suggesting that this platform will probably be
efficient against New World arenaviruses, given the role of neutralizing antibodies for
the control of these viruses (42–45). The induction of humoral and cellular responses
against MOPV NP and the possible cross-reactivity against LASV NP, as well as their role
in the control of LASV infection in NHP, will be further addressed. Nevertheless, the
ability of vaccine candidates based only on LASV GPC to provide full protection against
LASV infection was demonstrated previously (19, 25), suggesting that the protective
immunity induced by MOPEVACLAS is probably mainly GPC mediated.

The specifications of an “ideal” vaccine against LASV, or other arenaviruses, would
be (i) to induce T-cell responses, which are mandatory for protection; (ii) to be effective
after a single inoculation, to facilitate vaccination programs in countries of endemicity
and because ring vaccination is very useful for the control of outbreaks (46); (iii) to use
homologous GPC, as this antigen is necessary and sufficient for protection; (iv) to be
rapidly eliminated by the host and not persist; (v) to be genetically stable and safe; and
(vi) to induce long-lasting protection. We believe that MOPEVACLAS presents all these
characteristics. Outbreaks of VHF due to arenaviruses occur mainly in rural areas with
poor health care infrastructures and a limited ability for diagnosis. The human and
economic consequences of these outbreaks are a major threat to public health and
require an appropriate answer. Given the dynamics of the Arenaviridae family, with
reports of newly identified viruses as well as the emergence of known Arenaviridae in
areas where they have not been reported previously (exemplified by the recent
outbreaks of LF in Benin and Togo), the most efficient means to combat these diseases
is to immunize people at risk. One of the advantage of our platform-based vaccine
approach is its versatility toward known arenaviruses and their genetic diversity but
also toward these new viruses (47, 48). We have demonstrated that the MOPEVACLAS

vaccine showed promising results in the NHP model, and further investigations will be
performed to confirm the complete efficacy, safety, and immunogenicity of our plat-
form.
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MATERIALS AND METHODS
Cells and viruses. BHKT7/9 cells were used to rescue recombinant viruses and were maintained as

described previously (26). Vero E6 cells and HEK293T cells were grown in GlutaMAX Dulbecco modified
Eagle’s medium (DMEM; Life Technologies) supplemented with 5% fetal calf serum (FCS), 1% HEPES, and
0.5% penicillin-streptomycin. Blood samples were obtained from the Etablissement Français du Sang
(EFS) (Lyon, France). Mononuclear cells were purified by Ficoll density gradient centrifugation (GE
Healthcare). Monocytes were first separated from peripheral blood mononuclear cells by centrifugation
on a cushion of 50% Percoll (GE Healthcare, Velizy, France) in phosphate-buffered saline (PBS) and then
purified by using monocyte isolation kit II according to the manufacturer’s instructions (Miltenyi Biotec,
Paris, France). MP were obtained by incubating monocytes for 6 days in a solution containing RPMI, 10%
FCS, and 10% autologous serum supplemented with 50 ng/ml of macrophage colony-stimulating factor
(M-CSF). M-CSF was added every 2 days, and 40% of the culture medium was replaced. Strain AN21366
(GenBank accession numbers JN561684 and JN561685) was used for infection and to establish the
reverse-genetics system for MOPV. The LASV AV reverse-genetics system was described previously (26).
The GPC ORF for LASV (strain Josiah; GenBank accession number J04324), LUJV (GenBank accession
number NC_012776), MACV (GenBank accession number AY619643), GUAV (strain INH 95551; GenBank
accession number AY129247), CHAV (GenBank accession number NC_010562), and SABV (GenBank
accession number NC_006317) were used in this study. The DI-H4 strain of SeV was a gift from D. Garcin
(University of Geneva, Switzerland).

Plasmid constructs. For exonuclease activity experiments, the regions spanning residues 365 to 570
of WT and D390A/G393A ExoN mutant MOPV NP were cloned in frame with the N-terminal cleavable
thioredoxin-hexahistidine tag into the pETG20A expression vector (Gateway; Life Technologies, Carlsbad,
CA). For the reverse-genetics system of MOPV, a four-plasmid strategy was used for virus rescue. The L
and S segments of MOPV were reverse transcribed from viral RNA extracts, and the resulting cDNA was
cloned into the pRF108 plasmid between mouse polymerase I (Pol-I) promoter/terminator signals. An
extra nontemplated G base was included at the 5= end of the cloned sequences. The L and NP ORF were
cloned into the pTM1 plasmid (T7 promoter/terminator signals) to support both the transcription and
replication of the viral segments. To generate the S-segment-derived GPC chimera, GPC ORF-deleted
versions of the plasmids encoding the S segments of either MOPV or LASV were generated with BsmBI
restriction sites introduced downstream and upstream of the start and stop codons of the deleted
ORF, respectively. The GPC ORF of heterologous arenaviruses were then cloned into the modified
plasmids. For the SeV-dependent IRF3 activation reporter assay, MOPV NP with a C-terminal HA tag
was expressed from the phCMV plasmid. All mutations were introduced by using a site-directed
mutagenesis strategy according to the manufacturer’s instructions (Agilent). All plasmid constructs
were verified by sequencing.

Protein expression and exonuclease activity assay. Transformed bacteria were grown in LB
medium at 37°C to an optical density at 600 nm (OD600) of 0.5. Expression was induced with 0.5 mM
isopropyl-�-D-thiogalactopyranoside (IPTG), and bacteria were grown at 17°C overnight after supple-
mentation of the medium with ZnCl2 to 100 �M. Cell pellets were frozen, stored at �80°C, and then
resuspended in a buffer containing 20 mM HEPES (pH 7.5), 300 mM NaCl, 5 mM imidazole, and 5%
glycerol, to which 0.04 mg/ml of DNase and 0.08 mg/ml of lysozyme had been added. The solution was
lysed by using a sonicator, and the lysate was clarified by centrifugation at 20,000 rpm for 30 min at 4°C.
The protein was first purified by cobalt affinity chromatography. To remove the fusion tag, the elution
fraction containing the protein sample was cleaved with tobacco etch virus (TEV) and reapplied onto a
second cobalt resin column. A final purification was performed by size exclusion chromatography
(Superdex 75 column) in a solution containing 20 mM Tris (pH 7.5), 300 mM NaCl, 2 mM MnCl2, and 5%
glycerol. High-performance liquid chromatography (HPLC)-grade synthetic 20-nucleotide (nt)-long RNA
probes were purchased from Dharmacon (GE Healthcare) or Biomers (Ulm, Germany) and 5= labeled with
[�-32P]ATP, using protein nucleotide kinase, according to the manufacturer’s instructions (New England
BioLabs, Ipswich, MA). In brief, standard reaction mixtures contained 0.25 �M NP C-terminal domains, 5
mM MnCl2, and 1.25 �M radiolabeled dsRNA probe. Reactions were quenched at intervals with buffer
containing formamide and EDTA (10 mM), and the samples were resolved by separation on a 20%
polyacrylamide gel containing 8 M urea. Gels were exposed to a phosphor screen and visualized by using
a FLA-300 phosphorimager (Fujifilm, Saint-Quentin-en-Yvelines, France).

Virus rescue and titration. The rescue procedure for the recombinant viruses was reported
previously (26). Briefly, 1 � 106 BHKT7/9 cells were transfected with plasmids encoding NP and L, as well
as S and L segments, by using Fugene HD (Promega, Charbonnières-les-Bains, France). Supernatants of
the BHKT7/9 cells constituted the seed stock used to infect Vero E6 cells. Virus from this first passage was
titrated and used to infect Vero E6 cells at an MOI of 0.01. Titrated viruses from the second passages in
Vero E6 cells provided the viral stocks for all other experiments. The absence of mycoplasma contami-
nation was confirmed for all viral stocks. For neutralization experiments, Vero E6 cells were infected with
50 to 60 FFU/well of MOPEVACLAS incubated previously for 1 h at 37°C with serial dilutions of NHP plasma
samples (starting 1/40 to 1/1,500). For viral titration, cells were fixed with formaldehyde (FA) and
permeabilized with PBS– 0.1% Triton X-100 prior to the revelation of the presence of virus by immuno-
staining with a polyclonal rabbit antibody that recognizes either the LASV or the MOPV Z protein
(Agrobio, France), a phosphatase alkaline-conjugated polyclonal goat anti-rabbit antibody (Sigma), and
the 1-Step Nitro Blue Tetrazolium/5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP) substrate (Thermo
Fisher Scientific, Waltham, MA). Results are expressed in FFU per milliliter.

Quantitative RNA analysis. For RT-qPCR experiments, total RNA was isolated from mock-infected or
infected cells by using the RNeasy minikit (Qiagen, Courtaboeuf, France) according to the manufacturer’s
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instructions, and a supplementary DNase step was added using the Turbo DNA-free kit (Ambion; Thermo
Fisher Scientific). Synthesis of cDNA was performed by using SuperScript III, and amplification was
performed by using the gene expression master mix kit (Applied Biosystems, Thermo Fisher Scientific).
For type I IFN, the primer/probe mix was developed in-house (9). Runs of qPCR assays were performed
with a LightCycler 480 instrument (Roche Diagnostics, Meylan, France). The expression levels of all genes
were standardized to that of the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene and
expressed as fold induction relative to GAPDH. For viral RNA quantification, an RNA probe of the region
spanning bp 771 to 934 of the NP ORF was cloned into the pGEM vector (Promega) to generate T7
polymerase-driven transcripts. The RNA probe was DNase treated, purified, and quantified (Dropsense96;
Trinean, Ghent, Belgium). Quantitative PCR for viral RNA was performed with the EuroBioGreen Lo-ROX
qPCR mix (Eurobio, Les Ulis, France), using primers 5=-CTTTCCCCTGGCGTGTCA-3= and 5=-GAATTTTGAA
GGCTGCCTTGA-3=.

Detection of IFN-�2 in supernatants of macrophages. The IFN-�2 level in the supernatants of
macrophages was quantified by using enzyme-linked immunosorbent assay (ELISA) matched-pair anti-
bodies (IFN-� human ELISA kit; Thermo Fisher Scientific) according to the manufacturer’s instructions.

Deep-sequencing analysis of viral genomes. Purified RNAs were treated with 6 U Turbo DNase
(Ambion) to digest contaminating DNA. First- and second-strand cDNA syntheses were conducted with
random hexamer primers using SuperScript III (Thermo Fisher Scientific) and 5 U Klenow fragment (New
England BioLabs), respectively. Finally, double-stranded cDNAs were purified with the MinElute PCR
purification kit (Qiagen) according to the manufacturer’s instructions. Libraries were prepared by using
the NEBNext fast DNA fragmentation and library prep for Ion Torrent. Size selection using AMPure XP
beads (Agencourt, Beckman Coulter, Brea, CA) to obtain 200-bp reads was performed, and 14 to 20 cycles
of amplification were done. Finally, the enriched libraries were purified with Agencourt AMPure XP
beads. The 2100 bioanalyzer (Agilent, Santa Clara, CA) and the high-sensitivity DNA kit (Agilent) were
used to determine the quality and concentration of the libraries. Sequencing was performed by using the
Personal Genome Machine (PGM) Ion Torrent technology. Emulsion PCR and enrichment steps were
carried out by using the Ion PGM Hi-Q OT2 kit. Sequencing was undertaken by using a 318v2 chip and
the Ion PGM Hi-Q sequencing kit according to the manufacturer’s instructions. Automated read data sets
provided by Torrent software suite 5.0 were trimmed according to the quality score (99%) and length
(reads of �75 bp were removed). Trimmed fastq files were then mapped onto a reference genome using
bowtie2 and filtering to remove PCR duplicates (Picard tools). Finally, variants were called by using
SAMtools mpileup and varscan 2.3.6. Tables of nucleotide frequencies generated were then used to call
the consensus genome in fasta format with a custom python script.

Flow cytometry for MP activation and LASV-specific T-cell activation. Mock-infected MP and MP
infected at an MOI of 1 were detached 48 h after infection, saturated with human IgG, and surface stained
with antibodies to CD40, CD80, and CD86 (BD Biosciences, Le-Pont-de-Claix, France) before final fixation
in PBS–1% paraformaldehyde (PFA). During the NHP challenge, LASV antigen-specific T cells from fresh
whole blood incubated with a pool of overlapping GPC peptides in the presence of CD28 and CD49d
antibodies (2 �g/ml) and brefeldin A (10 �g/ml) for 6 h at 37°C were analyzed. Staphylococcal
enterotoxin A (SEA) (1 �g/ml) or PBS was used as the positive or negative control, respectively, for
activation. Peptides are 15-mer long (1 �g/ml each), with an overlap of 11 residues, and spanned the
complete GPC ORF of the LASV Josiah strain. PBS–20 mM EDTA was added to samples before cell surface
staining for CD3, CD4, and CD8 (BD Biosciences). Red blood cells were then lysed by using PharmLyse
(BD Biosciences). Cells were then fixed and permeabilized for intracellular staining with antibodies to
TNF-� (BioLegend). Cells were analyzed by flow cytometry using an LSR Fortessa cytometer (BD
Biosciences). Data were analyzed by using Kaluza software (Beckman Coulter).

Cynomolgus monkey challenge with LASV. Briefly, a group of 4 male cynomolgus monkeys
(Macaca fascicularis; 31 to 38 months of age and 3.2 to 4 kg) were immunized in biosafety level ABSL2
facilities (SILABE, Strasbourg, France) by the intramuscular injection of 6 � 106 FFU of MOPEVACLAS.
Another group of 3 monkeys was immunized with measles virus (MeV) vaccine strain Schwarz, as an
irrelevant vaccine. Blood draws were performed at 2 weeks postimmunization in order to assess T-cell
responses against LASV GP. After 5 weeks, monkeys were transported to biosafety level 4 (BSL4) facilities
(Laboratoire P4-INSERM Jean Mérieux) and challenged subcutaneously by using 1,500 FFU of the LASV
Josiah strain. Animals were monitored for clinical signs of disease and euthanized according to scoring
made based on body temperature, body weight, feeding, hydrating, behavior, and clinical signs. All
animals still alive at 29 days postchallenge were euthanized according to validated experimental
procedures. This study was approved by the Comité Régional d’Ethique en Matière d’Expérimentation
Animale de Strasbourg (APAFIS 6543-20160826144775) and by the Comité Régional d’Ethique pour
l’Expérimentation Animale Rhône Alpes (CECCAPP 20161110143954).

Statistical analysis. Statistical analyses were performed by using SigmaPlot (Systat Software, San
Jose, CA, USA) and GraphPad Prism (GraphPad Software, La Jolla, CA, USA). Data were analyzed by
one-way analysis of variance (ANOVA) with a Bonferroni posttest.
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Dengue virus (DENV) is a reemerging arbovirus 
with an expansive worldwide range (1). Recent 

modeling studies suggest wider dengue circulation 
in Africa than previously recognized (2). In addition, 
both major dengue vectors (Aedes aegypti and Ae. al-
bopictus mosquitoes) are present in Africa (3,4). The 
true burden of dengue is likely underestimated be-
cause most infections are never accounted for among 
patients who have self-limited disease or are misdiag-
nosed as malaria (2).

Dengue viremia among returning travelers from 
Africa and scattered reports from individual coun-
tries suggest ongoing dengue circulation in Africa (2). 
Each DENV serotype (DENV-1, DENV-2, DENV-3, 
and DENV-4) is structured into major lineages re-
ferred to as genotypes which have been defined (5–7). 
Relatively few DENV sequences are available from 
Africa (Figure 1), and DENV-2 is the predominant se-
rotype in Africa to date (2).

Isolation of DENV-1 and DENV-2 in Africa was 
made in Nigeria during 1968 (8). The first DENV-3 
strains isolated from humans from Africa were re-
ported from Mozambique during 1984 (9). Only 2 hu-
man DENV-4 sequences are publicly available from 
Africa, 1 from Senegal during 1986 and 1 from Angola 
during 2014 (10).

A laboratory-confirmed outbreak of dengue oc-
curred in coastal Kenya during 1982, followed by a 
large dengue outbreak in northeastern Kenya during 
2011 (11,12). Circulation of DENV-1, DENV-2, and 
DENV-3 was reported in northern and coastal Kenya 
during 2011–2014 (13). 
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Little is known about the extent and serotypes of den-
gue viruses circulating in Africa. We evaluated the pres-
ence of dengue viremia during 4 years of surveillance 
(2014–2017) among children with febrile illness in Ke-
nya. Acutely ill febrile children were recruited from 4 
clinical sites in western and coastal Kenya, and 1,022 
participant samples were tested by using a highly sen-
sitive real-time reverse transcription PCR. A complete 
case analysis with genomic sequencing and phylo-
genetic analyses was conducted to characterize the 
presence of dengue viremia among participants during 
2014–2017. Dengue viremia was detected in 41.9% 
(361/862) of outpatient children who had undifferenti-
ated febrile illness in Kenya. Of children with confirmed 
dengue viremia, 51.5% (150/291) had malaria parasit-
emia. All 4 dengue virus serotypes were detected, and 
phylogenetic analyses showed several viruses from 
novel lineages. Our results suggests high levels of den-
gue virus infection among children with undifferentiated 
febrile illness in Kenya.
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Given the mounting evidence for dengue in Africa, 
we evaluated the presence of dengue viremia during 4 
years of surveillance (2014–2017) among children with 
febrile illness in coastal and western Kenya by using 
a highly-sensitive, multiplexed, real-time reverse tran-
scription PCR (rRT-PCR) and genomic sequencing. We 
report the clinical manifestations, associated factors, 
serotypes, and phylogenetic relationships.

Methods

Study Sites and Enrollment
Children in Kenya who had undifferentiated febrile 
illness from 4 outpatient clinics located in Chulaimbo, 
Kisumu, Msambweni, and Ukunda were enrolled dur-
ing January 24, 2014–August 15, 2017 (Figure 2). The 
clinics in Chulaimbo (a rural setting) and Kisumu (an 
urban setting) are located near Lake Victoria in western 
Kenya. Msambweni District Hospital (a rural setting) 
and Ukunda/Diani Health Centre (an urban setting) 
are located in coastal Kenya. All clinics are operated by 
the Kenyan Ministry of Health. Each child 1–17 years 
of age who came for care (Monday–Friday) because of 
an acute febrile illness (defined as reported illness dur-
ing the previous 14 days and current observed temper-

ature >38°C) and no localizing symptoms were recruit-
ed. Participants or their parents/guardians provided 
consent. We obtained detailed clinical histories and 
performed physical examinations. Comprehensive de-
mographic and household data were recorded. Blood 
from each of the study participants was collected for 
serologic analysis, molecular testing, and malaria para-
site smear. Data were stored in REDCap (14).

RNA Extraction and cDNA Synthesis
An aliquot of whole blood from each participant was 
collected in Kenya. RNA was extracted by using the 
GeneJET RNA Purification Kit (ThermoFisher Sci-
entific, https://www.thermofisher.com), and pu-
rified RNA was synthesized into complementary 
DNA (cDNA) by using the Maxima H Minus First 
Strand cDNA Synthesis Kit (ThermoFisher Scientif-
ic) according to the manufacturers’ instructions. All 
samples, including serum and cDNA, were shipped 
on dry ice and maintained at -80°C once received at 
Stanford University.

RT-PCR and Envelope Gene Sequencing
PCR was performed at the Stanford Clinical Virology 
Laboratory. The rRT-PCRs used in this study, including 
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Figure 1. Countries in Africa 
(indicated by colors) for which 
dengue virus (DENV) sequences 
isolated from humans are 
available in GenBank. A) DENV-
1, B) DENV-2, C) DENV-3, D) 
DENV-4. Further details on 
search strategy used for this  
map are available in Appendix 
Table 2 (https://wwwnc.cdc.gov/
EID/article/26/11/20-0960-T2.
App1.pdf).
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a pan-DENV assay that detects all serotypes but does 
not distinguish between them, and a DENV serotyping 
assay, have been described (15,16). The pan-DENV as-
say uses primers and probes targeting RNaseP, which 
serves as an internal control. Specimens negative for 
DENV RNA with an internal control cycle threshold 
value >45 were considered to have failed extraction, 
cDNA generation, or PCR. Samples with cycle thresh-
olds <35 by the pan-DENV assay or serotype-specific 
assay underwent sequencing attempts.

On the basis of the serotypes identified by rRT-
PCR, serotype-specific envelope gene primers were 
used to generate amplicons for sequencing (Ap-
pendix Table 1, https://wwwnc.cdc.gov/EID/
article/26/11/20-0960-App1.pdf). Each 25-µL reac-
tion contained LongAmp Hot Start Taq 2× Master 
Mix (New England BioLabs, https://www.neb.com), 
400 nmol/L of forward and reverse primers, 3% di-
methyl sulfoxide, and 5 µL of cDNA. Amplification 
was performed in an Applied Biosystems Veriti 96-
Well Thermal Cycler (ThermoFisher Scientific) by us-
ing the following cycling parameters: 94°C for 2 min; 
40 cycles of 94°C for 30 s, 70°C for 1 s (ramp rate 20%), 
55°C for 45 s (ramp rate 20%), and 65°C for 3 min, 
20 s; and final extension for 10 min at 65°C. The PCR 
products were subjected to electrophoresis on a 1% 
agarose gel and visualized by staining with ethidium 
bromide. Dideoxynucleotide chain-termination se-
quencing (Sanger) was performed by Elim Biophar-
maceuticals (https://www.elimbio.com) using the 
same primers used for amplification.

Whole-Genome Sequencing
Whole-genome sequencing was performed on a subset 
of convenience samples at the California Academy of 
Sciences’ Center for Comparative Genomics (https://
www.calacademy.org). cDNA was purified by  using 
the Zymo Clean and Concentrator Kit (Zymo Research, 
https://www.zymoresearch.com). Library preparation 
was performed by using the Nextera XT DNA Library 
Preparation Kit (96 samples) and the Nextera XT In-
dex Kit (96 indices, 384 samples) (both from Illumina, 
https://www.illumina.com) according to manufactur-
er’s instructions with modifications: 3 ng of input cDNA 
with 4 µL index was used per reaction (rather than the 
suggested 1 ng input with 5 µL index because of low 
cDNA concentrations). Samples were tagged with a mo-
lecular identification tag. Libraries were quantified and 
assessed for quality on a BioAnalyzer (Agilent, https://
www.agilent.com) before equimolar pooling for se-
quencing on the Illumina MiSeq platform using reagent 
run kits in series Nano, V2, and V3. Raw reads were 
uploaded by using CLC Genomics Workbench version 
7.0.3 (https://www.qiagen.com) after being sorted by 
sample. DENV sample reads were mapped to com-
plete, reference genome sequences downloaded from 
GenBank for each serotype. Virus consensus sequences 
were extracted in CLC Genomics Workbench version 
7.0.3 and exported for phylogenetic analyses.

Serologic Tests
Serum samples obtained at each patient visit were 
tested by using an indirect IgG ELISA for flavivirus 
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Figure 2. Study recruitment 
sites (black dots) for dengue 
burden and circulation of 4 virus 
serotypes among children with 
undifferentiated fever, Kenya, 
2014–2017. Inset map shows 
location of Kenya in Africa.
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IgG (17). An ELISA result positive for DENV IgG in 
serum was indicative of previous exposure. Partici-
pants who had DENV IgG at the febrile visit were 
identified as having past exposure to dengue. All 
samples were tested in duplicate.

Phylogenetic Analysis and Consensus Generation
Consensus sequences were deposited in GenBank un-
der accession nos. MT076932–62. Multiple sequence 
alignment of both partial and complete genome se-
quences was performed by using the Multiple Align-
ment and Fast Fourier Transform plug-in in Geneious 
Prime 2020.0.5 (https://www.geneious.com). Refer-
ence genomes were selected to represent all geno-
type lineages and wide sampling of time periods fo-
cusing on sequences from Africa. To classify taxa, a 
maximum likelihood tree supported with maximum 
likelihood bootstrap replicates was inferred by using 
RAXML (https://raxml-ng.vital-it.ch) for each den-
gue serotype. Bootstrapping values were estimated 
starting with 100 replicates. The resulting trees were 
mid-point rooted to maintain consistency. Sylvatic 
strains were initially included to check for spillover, 
but then excluded from subsequent analyses to high-
light differences in human-derived sequences.

Statistical Testing and Cartography
Complete cases with cDNA specimens available for 
DENV rRT-PCR were included. Univariate analysis 
and a χ2 test for categorical variables and a t-test for 
continuous variables was used to compare partici-
pants on the basis of infection status with α = 0.05. 
One-way analysis of variance was used for >2 group 
mean comparisons. A comprehensive GenBank search 
term (Appendix Table 2) was used to obtain a list of 
original, verified, human dengue sequences from Af-
rica through February 19, 2020. Maps were made by 
using QGIS version 3.4.14 (https://qgis.org).

Ethics
The study protocol was approved by the Stanford Uni-
versity Institutional Review Board (IRB-31488) and 
Kenya Medical Research Institute Scientific and Ethical 
Review Unit in Kenya (protocol 2611). Participation in 
the study did not affect routine clinical evaluation and 
treatment provided by the Ministry of Health.

Results
During January 24, 2014–August 15, 2017, a to-
tal of 5,178 participants met eligibility for having 
an ongoing febrile illness without localization and 
documented body temperature >38°C when care 
was sought. Of eligible participants at clinics in the 

western region, 72.4% consented to participate in the 
study; 97.2% from clinics in the coastal region con-
sented. RNA extraction and cDNA synthesis were 
successful for 1,022 specimens that were shipped to 
the United States for DENV nucleic acid analysis. The 
mean number of illness days before seeking care was 
2 days (range 1–14 days). The study included 11 par-
ticipants who had 2 separate visits for febrile illness. 
Of the 1,022 specimens tested by using the internally 
controlled, pan-DENV rRT-PCR, 15.7% (160/1,022) 
showed negative results for extraction, cDNA pro-
duction, or PCR on the basis of the internal control 
and absence of DENV nucleic acid amplification. 
Dengue viremia was observed in 41.9% (361/862) of 
samples that passed quality control, including 46.2% 
(255/552) from western Kenya and 34.2% (106/310) 
from coastal Kenya. Overall, 92.2% (333/361) were 
classified as primary infections (DENV IgG not 
present) and 3.9% (14/361) as secondary infections 
(DENV IgG present); 3.9% (14/361) lacked DENV 
IgG data because of sample unavailability.

We provide baseline characteristics for partici-
pants by clinical site (Table 1). The mean age of en-
rolled children from the coastal region was higher than 
that for children from the western region (6.7 years 
vs. 4.6 years; p<0.001). Overall, girls were less repre-
sented than boys (467/1,022, 45.7%), and this trend 
was consistent across sites (44.5% girls in the coastal 
region, 46.5% girls in the western region). Bednet use 
was higher in the coastal region than in the western 
region (94.8% vs. 69.7%; p<0.001). Children in the 
coastal region had lower household wealth, defined 
as having <3 of a domestic worker, bicycle, telephone, 
radio, motor vehicle, or television (64.5% vs. 54.8%; p 
= 0.003). The number of illness days before seeking 
care was lower in the coastal region than in the west-
ern region (2.3 vs. 3.1 days; p<0.001). Malaria smear 
positivity was lower in the coastal region than in the 
western region (47.1% vs. 56.8%; p = 0.006) (Table 1). 
A higher proportion of febrile children in the western 
region had dengue viremia than children in the coastal 
region (46.2% vs. 34.2%; p = 0.001). Participants from 
the coastal region were more likely to be positive for 
DENV IgG at the febrile visit than participants from 
the western region (19/420 4.5% vs. 7/568 1.2%; p = 
0.003) (Table 1). The mean age was 11.0 years for par-
ticipants who were positive for DENV IgG compared 
with 5.4 years for participants who were negative for 
DENV IgG at the febrile visit (p<0.001).

Mean age of children with DENV detected by 
rRT-PCR did not differ from all others (5.2 years vs. 
5.6 years; p = 0.13) (Table 2). In children with and 
without dengue, mean body temperature, sex, and 
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malaria smear positivity were not different (Table 2). 
DENV viremic participants commonly reported head-
ache (49.6%), poor appetite (46.8%), cough (45.7%), 
and joint pains (36.8%). Poor appetite was more often 
reported in dengue patients than in children without 
dengue (46.8% vs. 36.3%; p = 0.001). Antimicrobial 
drug prescriptions were significantly more common 
for children who had dengue viremia than for febrile 
patients without DENV (50.4% vs. 43.9%; p = 0.05). 
Antimalarial drug prescriptions were also more likely 
for DENV viremic patients (48.8% vs. 36.8%; p<0.001), 
although malaria smear positivity was not different 
between the groups (Table 2).

Among all 1,022 study participants, 419 (41.0%) 
were given an antimalarial. Malaria microscopy re-
sults were available for 847 (82.9%) participants; 441 
(52.1%) were smear positive. Among study partici-
pants who had confirmed dengue and without ma-
laria, 29/141 (20.6%) were given an antimalarial drug, 

75/141 (53.2%) were given an antimicrobial drug, and 
12/141 (8.5%) were given antimalarial and antimicro-
bial drugs. Fourteen (6.6%) of 213 participants who 
did not have dengue or malaria were given antima-
larial and antimicrobial drugs.

Serotypes were obtained for 61.2% (221/361) of 
DENV-positive samples. Samples that were able to be 
serotyped had higher mean virus loads than untype-
able samples (6.5 log10 cDNA copies/µL vs. 4.6 log10 
cDNA copies/µL; p<0.001). Of the serotyped samples, 
16.3% (36/221) were DENV-1, 47.5% (105/221) were 
DENV-2, 4.5% (10/221) were DENV-3, 4.5% (10/221) 
were DENV-4, and in 26.7% (59/221) >2 serotypes were 
identified. Among the 59 mixed infections, the most 
common was DENV-2/DENV-3 (59.3%, 35/59); a total 
of 26/35 occurred during July 2015. The other serotype 
combinations were DENV-1/DENV-2 (20/59, 33.9%) 
and DENV-1/DENV-4 (4/59, 6.8%). Patients infected 
with DENV-3 had highest virus loads, but participant 
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Table 1. Characteristics of participants by geographic location in study of dengue burden and circulation of 4 virus serotypes among 
children with undifferentiated fever, Kenya, 2014–2017* 

Characteristic 
Coastal clinics (Msambweni 

and Ukunda), n = 422 
Western clinics (Chulaimbo and 

Kisumu), n = 600 p value 
Mean (SD) age, y 6.7 (4.4) 4.6 (2.9) <0.001 
Sex    
 F 188 (44.5) 279 (46.5) 0.58 
 M 234 (55.5) 321 (53.5) 0.58 
Always uses bednet 400 (94.8) 418 (69.7) <0.001 
Wealth index <3† 272 (64.5) 329 (54.8) 0.003 
Mean (SD) no. illness days before seeking care 2.3 (0.72) 3.1 (1.9) <0.001 
Dengue viremic by rRT-PCR 106 (34.2) 255 (46.2) 0.001 
DENV IgG present at febrile visit 19 (4.5) 7 (1.2) 0.003 
Malaria smear positive 194 (47.1) 247 (56.8) 0.006 
*Values are no. (%) unless indicated otherwise. DENV, dengue virus; rRT-PCR, real-time reverse transcription PCR. 
†Defined as a household having <3 of the following: domestic worker, bicycle, telephone, radio, motor vehicle, and television. 

 

 
Table 2. Clinical characteristics of febrile children stratified by dengue viremia status in study of dengue burden and circulation of 4 
virus serotypes among children with undifferentiated fever, Kenya, 2014–2017* 

Characteristic 
Participants with dengue 

viremia, n = 361 
Participants without dengue 

viremia, n = 661 p value 
Mean (SD) age, y 5.2 (3.4) 5.6 (3.9) 0.13 
Mean (SD) temperature, °C 38.8 (0.6) 38.9 (0.7) 0.14 
Mean (SD) no. illness days before seeking care 2.8 (1.6) 2.7 (1.5) 0.21 
Sex    
 F 168 (46.5) 299 (45.2) 0.74 
 M 193 (53.5) 362 (54.8) 0.74 
Signs and symptoms    
 Headache 179 (49.6) 326 (49.3) 0.99 
 Poor appetite 169 (46.8) 240 (36.3) 0.001 
 Cough 165 (45.7) 278 (42.1) 0.29 
 Joint pain 133 (36.8) 259 (39.2) 0.50 
 Nausea or vomiting 128 (35.5) 219 (33.1) 0.50 
 Chills 66 (18.3) 118 (17.9) 0.93 
 Abdominal pain 46 (12.7) 134 (20.3) 0.003 
 Diarrhea 42 (11.6) 68 (10.3) 0.58 
 Muscle aches 30 (8.3) 54 (8.2) 1.00 
Malaria smear positive 150 (51.5) 291 (52.3) 0.88 
DENV IgG present at febrile visit 14 (4.0) 12 (1.9) 0.07 
Prescribed antimicrobial drugs 182 (50.4) 290 (43.9) 0.05 
Prescribed antimalarial drugs 176 (48.8) 243 (36.8) <0.001 
*Values are no. (%) unless indicated otherwise. DENV, dengue virus. 
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age, number of illness days before seeking care, and 
malaria smear positivity rate did not differ by sero-
type (Table 3). In Ukunda (urban coastal region), only 
DENV-2 was identified. In Msambweni, DENV-1 was 
the most common serotype. DENV-2 was most com-
mon serotype in Kisumu. DENV-4 was found mostly 
in Kisumu; there were a few cases in Msambweni. We 
provide the distribution of dengue serotypes over the 
study period (Figure 3).

We provide phylogenetic relationships of 31 DENV 
sequences, including 7 whole genomes, from the cur-
rent study (Figures 4–7). The samples span July 2014–
June 2017 and are derived from participants in coastal 
and western Kenya. Both DENV-2 and DENV-3 were 
sequenced from 1 participant sample (MT076939 and 
MT076951). Many of the samples belong to genotypes 
that differ from existing reference sequences from Af-
rica. One DENV-2 sample in genotype IV aligns near 
reference sequences from Malindi, Kenya, and other 
countries in Africa, and all other DENV-2 samples 
cluster in genotype I (Figure 5).

Discussion
Our study characterized the epidemiology of dengue 
among children with fever who came to clinics for out-
patient care and the phylogenetic relationships of all 4 
detected virus serotypes in Kenya. Of 1,022 febrile pedi-
atric visits in western and coastal Kenya, >40% had evi-
dence of dengue viremia. This unprecedented finding 
suggests an enormous burden of dengue fever among 
children with undifferentiated febrile illness in Kenya. 
The higher proportion of dengue in children from the 
western region than in children from the coastal region 
might be explained by a reported dengue outbreak in 
western Kenya during July 2014–June 2015 (18). Similar 
to previous findings showing 25% dengue viremia by 
RT-PCR for febrile patients in Kenya during 2011–2014 
(13), the current study also identified a major propor-
tion of febrile illness attributable to dengue. Similarly, 
Bhatt et al. estimated a burden of dengue disease in Af-
rica similar to that in the Americas (>16% of the total 
global burden) (19). Our study supports the notion of an 
underrecognized dengue burden in Africa.
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Table 3. Characteristics of participants by DENV serotype in study of dengue burden and circulation of 4 virus serotypes among 
children with undifferentiated fever, Kenya, 2014–2017* 
Characteristic DENV-1, n = 36 DENV-2, n = 105 DENV-3, n = 10 DENV-4, n = 11 Mixed, n = 59 p value 
Mean (SD) age, y 4.4 (2.8) 5.2 (3.3) 5.8 (3.9) 3.8 (1.6) 5.6 (3.3) 0.21 
Mean (SD) viral load, log10 
cDNA copies/L 

6.1 (2.5) 5.7 (2.2) 9.7 (3.8) 5.2 (2.7) 7.9 (1.8) <0.001 

Site      <0.001 
 Chulaimbo 5 (13.9) 53 (50.5) 2 (20.0) 1 (9.1) 26 (49.2)  
 Kisumi 10 27.8) 28 (26.7) 7 (70.0) 10 (90.9) 25 (42.4)  
 Msambweni 21 (58.3) 12 (11.4) 1 (10.0) 0 0  
 Ukunda 0 12 (11.4) 0 0 0  
Mean (SD) no. illness days 
before seeking care 

2.6 (1.6) 2.9 (1.9) 3.5 (1.5) 2.8 (1.47) 2.6 (1.3) 0.46 
Malaria smear positive 18 (51.4) 42 (55.3) 3 (42.9) 4 (45.5) 23 (62.2) 0.78 
*Values are no. (%) unless indicated otherwise. cDNA, complementary DNA; DENV, dengue virus. 

 

Figure 3. Dengue virus 
serotypes detected over time for 
children tested during a medical 
visit for fever, Kenya, 2014–
2017. Data from 4 sites are 
included. DENV, dengue virus.
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Our study identified circulation of multiple se-
rotypes of DENV and adds valuable field strains 
to the public repository. Compilation of available 

DENV sequences from Africa into the phylogenetic 
analyses illustrates the dearth of sequences from 
Africa and is particularly evident for DENV-1 and 
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Figure 4. Maximum-
likelihood phylogenetic tree 
for DENV-1 sequences 
from children with 
undifferentiated fever in 
Kenya, 2014–2017 (red), 
and reference sequences 
from other locations 
in Africa (blue) and 
elsewhere. Numbers at 
nodes represent bootstrap 
support values based 
on maximum-likelihood 
replicates. Genotypes are 
indicated at right. Scale 
bar indicates nucleotide 
substitutions per site. 
DENV, dengue virus.
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Figure 5. Maximum-likelihood phylogenetic tree for DENV-2 sequences from children with undifferentiated fever in Kenya, 2014–2017 
(red), and reference sequences from other locations in Africa (blue) and elsewhere. Numbers at nodes represent bootstrap support 
values based on maximum-likelihood replicates. Genotypes are indicated at right. Scale bar indicates nucleotide substitutions per site. 
DENV, dengue virus.
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DENV-4 (Figure 1). The DENV-1 samples align 
closely with a historical Thailand 1964 strain in 
genotype II. Although such a finding might suggest 
laboratory error or viral contamination, the Thai-
land 1964 strain is not a publicly available strain 
and has never been present in our laboratories. A 
DENV-1 strain in genotype II was curiously noted 
to cause human disease in Indonesia during 2012 
and is similar to the Thailand 1964 strain (20). We 
postulate that viral strains related to the Thailand 
1964 strain might be circulating at low levels in Ke-
nya, but further surveillance for DENV-1 in other 
regions of Kenya and Africa is needed.

DENV-2 has been reported as the predominant 
serotype circulating in Africa (2). One study partici-
pant from coastal Kenya in June 2017 was infected 
with DENV-2 genotype IV, which clustered with 
previously reported DENV-2 sequences from Africa. 
However, 9 study samples from 2015 and 2016 clus-
tered in genotype I and were related to sequences 
from China isolated during 2015 and Nepal during 
2013. Commercial trade between Asia and Kenya has 
increased in recent years, and further sampling is 
needed to examine the role of such ties in the impor-
tation of dengue virus (21).

Several samples from western Kenya isolated 
during 2015 cluster in a DENV-3 lineage (genotype 
V, first documented in the Philippines in 1956). Sam-
ples from this lineage have been reported only rarely 
over the years, most recently in 2004 when they were 
recovered from human cases in Brazil (22). DENV-
3 outbreaks and disease in returning travelers have 
been reported in Africa occurring within the genotype 
III (Indian) lineage, including the 2011 Mandera and 
2013 coastal Kenya outbreaks (13,23). Observation of 
DENV-3 genotype V might indicate strains with low-
level circulation endemically in eastern  Africa or ar-
rival by importation.

Of the 4 DENV serotypes, DENV-4 has been the 
least documented in Africa. During 2016, we document-
ed a DENV-4 cluster in samples from western Kenya 
and in 1 sample from coastal Kenya. These serotypes 
group together in genotype II (Indonesia) in which re-
lated sequences come from the Americas and Asia. The 
recovery of DENV-4 sequences in our study was unex-
pected, in light of the paucity of DENV-4 documentation 
on the continent. Importation might be driver of dengue 
circulation in Kenya, but a clear source of DENV-4 in-
troduction was not identified in this study. The findings 
suggest active DENV-4 circulation in eastern Africa for 
which robust surveillance is needed.

Human movement by modern transportation is a 
critical behavioral component underlying dengue cir-

culation (24,25). The current study raises the possibil-
ity that dengue circulation in Africa might be driven 
by importations of disease, rather than by endemic 
strains. The similarity of some study samples to those 
of studies from Asia and Southeast Asia could also re-
flect movement along trade routes. Further sampling 
in Africa is required to unravel how the study isolates 
fit within the global circulation of DENV genotypes 
and to delineate the role of human movement in den-
gue transmission.

We document DENV circulation in Kenya over 
a 4-year period interspersed with small outbreaks as 
described (17). This pattern of disease is not consistent 
with large-scale dengue outbreaks flanked by long 
periods of disease quiescence as described in some 
settings (26). Whether underlying host susceptibil-
ity and host dengue viremia determine such patterns 
is an interesting avenue for further study, especially 
since persons of African ancestry might be less sus-
ceptible to dengue (27,28). Primary DENV infections 
comprised most of our samples, but interpretation is 
limited because our study was not representative of 
the general population.

Although there is no question that DENV cir-
culates in Kenya, it is worth noting that the level of 
dengue we detected was surprisingly high. In addi-
tion, the number of concomitant serotype infections 
was also high and unexpected. The high percentage 
of dengue we document in febrile samples could be 
the result of the highly sensitive rRT-PCR used in this 
study (16). Another consideration is that RNA extrac-
tion was performed on whole blood as opposed to se-
rum. In a study of hospitalized patients, when serum 
was compared with whole blood for rRT-PCR testing, 
whole blood yielded higher levels of dengue viremia 
and increased the detectable viremic window to 9 
days (29). Testing of whole blood might have enabled 
detection of low-level viremia that would otherwise 
have not been detected in serum or plasma samples.

Half of the study participants who had dengue 
viremia also had malaria parasitemia. Some partici-
pants might have had fevers driven by malaria infec-
tion with asymptomatic dengue, and others had den-
gue plus asymptomatic malaria (30). This distinction 
is essential because asymptomatic dengue infections 
provide a major reservoir for human-to-mosquito 
dengue transmission (19). The higher rates of antima-
larial and antimicrobial drug prescriptions for den-
gue viremic participants suggest more severe disease 
in this group and supports dengue as the driver of 
acute illness.

Our results confirm results of previous studies 
that showed overtreatment and diagnosis of malar-
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Figure 6. Maximum-likelihood phylogenetic tree for DENV-3 sequences from children with undifferentiated fever in Kenya, 2014–2017 (red), 
and reference sequences from other locations in Africa (blue) and elsewhere. Numbers at nodes represent bootstrap support values based on 
maximum-likelihood replicates. Genotypes are indicated at right. Scale bar indicates nucleotide substitutions per site. DENV, dengue virus.
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ia parasitemia (31,32). Persons with dengue symp-
toms should receive antibacterial and antimalarial 
therapies in the absence of point-of-care diagnostics 
for dengue. The similar clinical manifestations for 
persons with and without dengue also make treat-
ment decisions difficult. Antimicrobial drug use for 
undifferentiated fever is a common practice, given 
challenges in ensuring close follow-up, expectations 
for prescriptions, and practice norms in developing 
countries. The consequences of untreated bacterial in-
fections can be fatal because of limited access to care, 
but development of drug resistance and treatment for 

adverse effects must also be considered. Dedicated 
investments to develop a reliable dengue point-of-
care diagnostic is urgently needed.

There are several limitations to this study. First, 
participants recruited were outpatients who had un-
differentiated febrile illness and did not represent 
the general population. Studies designed to estimate 
dengue disease incidence and how febrile illness 
surveys can be extrapolated to estimate incidence 
are lacking. Sample testing by PCR occurred incon-
sistently throughout the study because of logistical 
considerations (availability of electricity, reliable 
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Figure 7. Maximum-likelihood 
phylogenetic tree for DENV-
4 sequences from children 
with undifferentiated fever in 
Kenya, 2014–2017 (red), and 
reference sequences from other 
locations in Africa (blue) and 
elsewhere. Numbers at nodes 
represent bootstrap support 
values based on maximum-
likelihood replicates. Genotypes 
are indicated at right. Scale bar 
indicates nucleotide substitutions 
per site. DENV, dengue virus. 
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transportation, access to laboratory equipment, 
strikes among healthcare workers), and the possi-
bility of sampling bias exists. In addition, a propor-
tion of total samples failed quality control measures 
because of suboptimal handling of specimens, inef-
ficient nucleic acid extraction, or the presence of in-
hibitors in the PCR. This study cannot detangle the 
role of malaria versus dengue in symptomatic ill-
ness. Given the descriptive focus of this study, the 
clinical and statistical interpretation is limited, and 
further studies are needed to account for confound-
ing and effect modification.

Our study provides insights into the phylogeny 
of DENV serotypes in eastern  Africa and raises many 
more unanswered questions and avenues for further 
research. Phylogenetic analysis of circulating DENVs 
is crucial to clarifying movement of dengue into and 
throughout Africa. Viral movement will help iden-
tify dengue hotspots and ultimately provide clearer 
targets for prevention efforts. In addition, serotype 
circulation to the level of genotype is needed for as-
sessing and predicting the efficacy of dengue vac-
cines. The paucity of dengue surveillance studies and 
sequence data from Africa is striking. Dengue activ-
ity will likely continue to spread in Africa because of 
rapid land use change, climate change, urbanization, 
increased human travel, and international trade (33). 
Knowledge of the spatial–temporal dynamics of den-
gue circulation throughout Africa is critically needed 
to inform a coordinated public health response in an 
increasingly interconnected world.
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Abstract

Arboviruses are among the most important emerging pathogens due to their increasing pub-

lic health impact. In Kenya, continued population growth and associated urbanization are

conducive to vector spread in both urban and rural environments, yet mechanisms of viral

amplification in vector populations is often overlooked when assessing risks for outbreaks.

Thus, the characterization of local arbovirus circulation in mosquito populations is impera-

tive to better inform risk assessments and vector control practices. Aedes species mosqui-

toes were captured at varying stages of their life cycle during different seasons between

January 2014 and May 2016 at four distinct sites in Kenya, and tested for chikungunya

(CHIKV), dengue (DENV) and Zika (ZIKV) viruses by RT-PCR. CHIKV was detected in 45

(5.9%) and DENV in 3 (0.4%) mosquito pools. No ZIKV was detected. Significant regional

variation in prevalence was observed, with greater frequency of CHIKV on the coast. DENV

was detected exclusively on the coast. Both viruses were detected in immature mosquitoes

of both sexes, providing evidence of transovarial transmission of these arboviruses in local

mosquitoes. This phenomenon may be driving underlying viral maintenance that may

largely contribute to periodic re-emergence among humans in Kenya.

Author summary

Transovarial transmission, or vertical transmission, is the spread of a pathogen from par-

ent to offspring. It has been observed that some mosquito-borne viruses can be transmit-

ted from female mosquitoes to their offspring during follicle development or during

oviposition. The occurrence of transovarial transmission is evident in the presence of

virally infected male mosquitoes, which typically do not take bloodmeals, and the presence
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of virus in immature mosquitoes of any sex. Transovarial transmission aids in the amplifi-

cation of mosquito-borne viruses in the environment by increasing the number of

infected mosquitoes in a given region, thus expanding the possibility of viral transmission

to humans. The combination of transovarial transmission and the preservation of viable

eggs during dry seasons may trigger sudden amplification of the virus after rainy periods,

resulting in an outbreak. This study provides some of the first evidence of transovarial

transmission of chikungunya and dengue viruses in Aedes aegypti mosquitoes in Africa

during interepidemic periods, which has important implications for local virus persistence

and epidemic patterns.

Introduction

Arthropod–borne viruses (arboviruses) comprise some of the most important emerging path-

ogens due to their geographic spread and increasing impact on vulnerable human populations.

Over 100 arboviruses are known to cause pathology in humans, creating a significant global

health burden, yet the transmission, epidemiology, and incidence of arbovirus-related human

disease remain poorly defined, particularly in sub-Saharan Africa. Kenya has had multiple

arbovirus outbreaks in the past 2 decades including yellow fever [1, 2], chikungunya [3], Rift

Valley fever [4–6] and dengue fever [7], which have resulted in significant effects to local econ-

omies and community health [8–13]. Thus, the characterization of arboviral circulation in the

rapidly changing Kenyan environments that support vector proliferation is essential to better

inform human risk assessment and vector control practices.

Transovarial transmission (TOT) is a mechanism by which infective female mosquitoes

pass the virus to their offspring via their eggs. TOT is believed to be a mechanism by which

arboviruses maintain a local presence during environmental conditions that are adverse for

mosquito proliferation, e.g. during dry seasons and winter. Quiescence of vertically infected

mosquito eggs in response to environmental conditions may contribute to viral persistence or

re-emergence within a region [14]. A recent review of modeling studies suggests that, for

DENV, TOT is likely not an important mechanism of viral propagation in Southeast Asia and

the Americas, but rather asymptomatic infections in humans and the movement of people

account for DENV persistence [15]. Others theorize that selective pressures arise from differ-

ent vector-virus system combinations that influence the success of horizontal and vertical

transmission in a population, as well as overall virulence [16, 17]. Although comprehensive

evidence exists demonstrating that TOT of CHIKV and DENV occurs in many distinct

endemic regions, complex mechanisms and a lack of field data lead to an incomplete under-

standing of the contributions of TOT to viral persistence during interepidemic times. In par-

ticular, the propagation and maintenance of DENV and CHIKV in Africa and the role of TOT

in this viral maintenance is not well understood. This study describes the prevalence and spa-

tiotemporal distribution of CHIKV, DENV, and ZIKV in field-caught mosquitoes in Kenya.

We further investigate the rate of TOT of these viruses to determine its possible contribution

to viral maintenance in this endemic setting.

Methods

Ethics statement

The study protocol was approved by the Stanford University Institutional Review Board (Pro-

tocol ID #31488) and the Kenya Medical Research Institute (KEMRI) National Scientific and
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Ethical Review Committee (SSC # 2611). Meetings were held at all four sites with local govern-

ment administrators (village elders, chiefs, and assistant chiefs) and with the local residents in

each sub-location to introduce the research study and staff to the public. Written informed

consent was obtained from the adults who volunteered to participate in Human Landing

Catches (HLC) before they were trained and began sampling for mosquitoes. Oral consent was

obtained from household heads to sample mosquitoes within their houses and their

compounds.

Mosquito collection

Study sites: This study was conducted in four sites in Kenya: two western sites, Kisumu

(urban) and Chulaimbo (rural) in Kisumu County, and two coastal sites, Ukunda (urban) and

Msambweni (rural) in Kwale County (Fig 1). Kisumu is the third largest city in Kenya located

at the shore of Lake Victoria. Chulaimbo village is located 19 kilometers from Kisumu.

Ukunda is an emerging urban center located 30 kilometers south of Mombasa in Kwale

County along the Indian Ocean coastline. Msambweni village is also in Kwale County, near

the shore of the Indian Ocean. It is located 30 kilometers south of Ukunda nearer the Tanza-

nian border. The climate in both regions is tropical with a bimodal monthly rainfall pattern,

Fig 1. Map of study sites in Kenya. Created in QGIS 2.18.11 using MapBox.

https://doi.org/10.1371/journal.pntd.0008362.g001
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with a long rainy period from March to June and a short rainy period from August to October.

Sampling for Aedes mosquitoes in each of the four sites was done in a selected area of approxi-

mately 1.5 x 1.0 km.

The mosquito collection methods have been previously described in detail [18, 19] and are

briefly summarized here:

Human Landing Catches (HLC): Two homesteads were selected in each of the sites for sam-

pling of blood-seeking mosquitoes using HLC both indoors and outdoors. Paired teams

worked together, with one exposing the legs, and the other collecting mosquitoes landing on

their partner’s legs. Team members changed roles hourly. Captured mosquitoes were placed in

collection vessels provided with 10% sugar solution on cotton wool. Vessels were transported

on ice to insectaries at KEMRI at Kisian in Kisumu County (for the western sites) and the Vec-

tor Borne Disease Control Unit in Msambweni County Referral Hospital, Kwale County (for

coastal sites).

Prokopack Automated Aspirators: Twenty houses were randomly selected in each of the

sites and sampled indoors and outdoors monthly for resting mosquitoes using Prokopack aspi-

rators [20]. Sampling was performed simultaneously, both indoors and outdoors, for 20 min-

utes by a pair of entomology team members. The collection vessel, which was fitted with a wire

mesh on the underside, was used on the aspirator and was capped and removed at the end of

each sampling period. Mosquito specimens were stored on ice and transported to each insec-

tary as described above.

Biogents-Sentinel traps (BGS): Two houses were selected in each of the four sites for adult

mosquito sampling using Biogents (BGS)-traps (Biogents AG Weissenburgstr 22 93055

Regensburg, Germany). Initially, the BGS traps were set indoors in the sitting room without

lure. In May 2015, the houses were changed, the trap location was changed from indoors to

open, secure verandas, and the traps were baited with CO2. The BGS trap was set to sample

mosquitoes for five consecutive days every month. Trapped specimens were collected daily

and stored and transported as above.

Sampling of immature mosquitoes: Pupal and Larval sampling: Forty houses in each of the

four study sites were selected by random sampling: 20 houses for larval sampling and 20 for

ovitrap sampling. Houses were assessed for immature mosquito infestation on a monthly basis

over the study period. All natural and artificial water-holding containers in and around each

household were inspected for mosquito larvae and pupae. All pupae and larvae (3rd and 4th

instars) from positive containers were collected with pipettes and ladles [19, 21]. Water from

large containers was first sieved and mosquito samples were placed in a white plastic tray with

some water from which the immatures were pipetted. Mosquito samples were placed in 10mL

Falcon tubes (Fisher Scientific, Waltham, MA) and/or Whirl-pak plastic bags (Nasco, Fort

Atkinson, WI), labeled, and taken to the insectaries. There, immature mosquitoes were reared

in 200 mL plastic cups under laboratory conditions at an average temperature of 28.15 ± 1.8ºC
and relative humidity of 80.9 ± 6.3%, and larvae were fed on TetraMinbaby fish food until

adult mosquitoes emerged.

Ovitrap Sampling: Ovitraps were placed in 20 households that were randomly selected as

fixed sampling points in each of our four study sites. Each ovitrap consisted of a black plastic

cup filled with 350 mL of tap, borehole, or rainwater. The inside of the cup was lined by a

brown paper towel that was partially submerged. Eggs were laid on the damp paper towel just

above the water line. Ovitraps were set once a week for the duration of the study. To obtain the

eggs, the paper towel in each trap was removed, placed into a plastic storage bag and trans-

ported to the insectary facilities. Each paper towel was examined under the dissecting micro-

scope for identification of Aedes species eggs. To confirm the species, the eggs were submerged

in tap water for hatching and the larvae reared to adults under the conditions described above.
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Mosquito identification: In the insectaries, once mature, all mosquitoes were killed by plac-

ing them at -20˚C for 15 minutes. They were then sorted by genus (Aedes spp., Anopheles spp.,

or Culex spp.) and sex, using a standard identification key [22]. Further analyses described

only detail data pertaining to Aedes spp. collected, with only Ae. aegypti specimens pooled and

tested by methods described below.

Sample storage and transport for viral testing: A single leg was removed from each mos-

quito specimen and transferred to a 2mL Cryotube (Sarstedt, Rommelsdorf, Germany) with

0.5mL of RNA later (Sigma-Aldrich, St. Louis, MO) to preserve any viral nucleic acids. Sam-

ples were stored at -80˚C until they were shipped to Stanford, CA, USA on dry ice for

processing.

Collection of rainfall data

To monitor rainfall at each of our sampling sites, one rain gauge (HOBO Onset data loggers,

Onset Computer Corporation 470 Bourne, MA USA), was installed at each of the four sites to

collect daily rainfall. The sites were: Chulaimbo Sub-District Hospital (Chulaimbo) (0˚

02’16.5"S, 34˚38’20.1"E), Jaramogi Oginga Odinga Teaching and Referral Hospital (Kisumu)

(0˚05’17.5"S, 34˚46’13.6"E), Msambweni County Referral Hospital (Msambweni) (4˚28012@S,

39˚28048@E) and Diani Health Centre (Ukunda) (4˚16’44.5"S, 39˚35’25.0"E). Data from rain

gauges were downloaded monthly.

Sample processing

Mosquito legs taken from mosquitoes that had been sorted by species, sex, trap type, and date

of capture, were grouped into 714 pools of ~25 individual legs (range 1–36). Specimens of each

type (sex etc.) were independently isolated, and all instruments were cleaned and decontami-

nated with 10% bleach solution between isolations to mitigate any potential for cross-contami-

nation. Each pool of mosquito legs was then transferred into a 2.0 mL microcentrifuge tube

with six 2 mm ceramic lysis beads (OMNI International GA USA) with 700 μL of MagMAX

Lysis/Binding Solution Concentrate (Applied Biosystems, CA, USA). Samples were then

homogenized in a Bead Ruptor 24 (OMNI International, GA, USA), according to the following

program: Strength = 5.65, Time = 0:30, Cycles = 2, Delay = 0:05. Sample lysates were then cen-

trifuged at 15,000 rpm for 6 minutes at room temperature to remove debris. Nucleic acid isola-

tion was then performed using MAGMAX 96-Viral Isolation Kit (Life Technologies, CA,

USA) according to the manufacturer’s instructions. The manufacturer’s decontamination pro-

tocol was performed after every run to prevent nucleic acid transfer between samples.

Molecular testing

Pooled legs of Aedes aegypti mosquitoes were tested for the presence of ZIKV, CHIKV, and

DENV RNA with a triplex real-time reverse transcription PCR (rRT-PCR), as previously

described [23]. Briefly, ZIKV-CHIKV-DENV rRT-PCR reactions were performed using the

SuperScript III Platinum One-Step qRT-PCR kit (Life Technologies) with a total reaction vol-

ume of 25 μL and 5 μL of eluate. Reactions were performed on a Rotor-Gene Q instrument

(Qiagen). Thresholds were set according to the published validation, and all exponential curves

that crossed the threshold prior to cycle 45 were considered positive [24]. Negative controls

containing no RNA template were included on every run of the assay, and amplicon curves

were not observed in any of these controls. To validate our assay results, we performed mono-

plex PCR assays, using the same primer sets included in the multiplex reaction, on a subset of

18 CHIKV positive samples, and all 3 of the DENV positive samples to confirm infection.
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Statistical analysis

Multi-way chi-square (χ2) analyses were performed to determine statistical differences among

the levels of positivity for the recovered samples from different trap types. Maximum likeli-

hood estimates of viral infection rates were calculated using the Poolscreen methodology

developed by Katholi and Unnasch [25].

Results

Prevalence of infection

Between January 2014 and May 2016 mosquitoes were collected using multiple trapping meth-

ods at 4 study sites in Kenya; Chulaimbo (rural) and Kisumu (urban) in the west of the coun-

try, and Msambweni (rural) and Ukunda (urban) on the coast (Fig 1).

A total of 714 pools of Aedes aegypti species legs were tested. Of these 180 (25%) were

caught in Chulaimbo, 123 (17%) in Kisumu, 178 (25%) in Msambweni, and 233 (33%) in

Ukunda (Fig 2). The distribution of mosquito leg pools amongst each of the trap types was as

follows: Ovitraps—248/714 pools (35.0%), Larval—193 (27.0%), Pupal—72 (10.1%), BGS—61

(8.5%), Prokopack—88 (12.3%) HLC—52 (7.3%) (Fig 2).

Mosquito infection rates

Of the 714 pools tested, 43 (5.9%) were positive for CHIKV (Table 1, Fig 2) and 3 pools (0.4%)

were positive for DENV, including 1 pool that was positive for both viruses (Table 2, Fig 2).

ZIKV was not detected in in any mosquito pool tested in this study.

Spatiotemporal distribution

Of the 45 arbovirus-positive pools 17/45 (37.7%) were from mosquitoes from western Kenya

and 28/45 (62.2%) were from the coast. All three of the DENV positive mosquito samples were

from the coastal sites. The maximum-likelihood CHIKV infection rate for the coast was 0.7%

(95% CI 0.43–1.10%), compared to 0.33% (95% CI 0.18% - 0.54%) in the west (Table 1). The

infection rates for both CHIKV and DENV on the coast exceeded the upper confidence inter-

vals for infection rate in the west, confirming regional variation in the circulation of CHIKV

and DENV. Although the rural study sites of Chulaimbo and Msambweni yielded more arbo-

virus-positive pools than their urbanized counterparts, the calculated infection rates did not

significantly differ between rural and urban sites (Tables 1 and 2).

CHIKV was identified in pools of both immature and mature mosquitoes and across all

years and seasons of the study (Fig 2). CHIKV and DENV were not detected in western Kenya

in the latter half of 2014 nor in 2015, although the detection of CHIKV resumed in the early

part of 2016. On the coast, both viruses were more frequently detected throughout the study,

with peaks of infected mosquitoes roughly corresponding to peak periods of rainfall (Fig 3). Of

note, 22/42 (52.3%) of the CHIKV positive pools and 2/3 (66.6%) of the DENV positive sam-

ples were collected between January and May 2016.

Life cycle stages

When grouped either as field-caught adult samples (those caught by BGS, HLC and Proko-

pack) or as immature form samples (caught by larval and pupal sampling or by ovitraps) the

contribution of each group to the total number of positives is proportional to its size. Legs

from adult mosquitoes accounted for 28% of the total sample pools tested (Table 3), and con-

tributed 27.9% of all positive pools (Fig 2). Of the sample pools collected and tested, 72% were

captured as immature mosquitoes and reared to adulthood prior to leg removal and pooling,
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contributing 72.1% of the positive pools. Due to the collection yield rates, adult pools were

generally smaller (mean 7.2 individuals) than the overall study average pool size (15.2) and the

immature form pool size (18.4). When expressed as a maximum likelihood infection rate [25],

Fig 2. Flow chart describing pools of Ae. aegypti mosquito legs by age, sex, and virus detected. All mosquito leg pools described were collected from four

distinct study sites: Kisumu and Chulaimbo (urban and rural sites, respectively, in western Kenya), and Ukunda and Msambweni (urban and rural sites,

respectively, in coastal Kenya) between January 2014 and May 2016.

https://doi.org/10.1371/journal.pntd.0008362.g002
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i.e., the estimated number of mosquitoes infected per 1,000 tested, the rate of CHIKV positivity

was higher in adult mosquitoes (mean 61.8/1,000, range 30–100) than in immature mosquitoes

(mean 9.0/1,000, range 2–24).

Ovitrap samples accounted for 35% of all pools tested, but with a proportionally smaller

number of positives (23.3%). Conversely, pools of legs collected from pupal mosquitoes reared

to adulthood contributed only 10.1% to the specimen total, but had 27.9% of positives. Indeed,

the positivity rate in the larval collection was significantly increased in pairwise comparisons

to both ovitraps (χ2 = 7.90, p = 0.005) and larval collection (χ2 = 10.35, p = 0.001). Rates for

ovitraps and collected larvae did not significantly differ (χ2 = 0.12, p = 0.74). Likewise, there

were no significant differences among the adult groups (χ2 = 0.63, p = 0.73) and no differences

in positivity rates among adults and larvae (χ2 = 1.73, p = 0.79).

In our adult mosquito samples, 9/11 (81.8%) of positive samples were bloodmeal-seeking

female mosquitoes, with one positive male pool each from the BGS sentinel traps and the Pro-

kopack aspirator trapping. No male mosquitoes caught by HLC were positive for arboviruses.

However, in the immature form samples, arbovirus positivity was relatively evenly distributed

between sexes (Fig 2).

Sample pools from each sex and lifecycle stage were found to be positive for both DENV

and CHIKV. Of note, two of the three DENV positive pools were from male adult mosquitoes

that had been reared in the laboratory from eggs or larvae (one pool each) collected in Msamb-

weni, suggesting that DENV was vertically transmitted to these mosquitoes. The third DENV

Table 1. Chikungunya. Poolscreen estimates for the minimum infection rate for CHIKV [16]. Kisumu and Ukunda

represent the urban sites for the West and Coast, respectively. Rural collection sites were located in Chulaimbo and

Msambweni for the West and Coast, respectively.

Sites No. Pools No. positive pools Estimated infection rate (95% CI)

All 714 43 0.49% (0.34–0.68%)

West 321 17 0.33% (0.18–0.54%)

West rural 180 9 0.28% (0.12–0.53%)

West urban 123 8 0.42% (0.17–0.84%)

Coast 411 25 0.70% (0.43–1.10%)

Coast rural 178 13 0.85% (0.43–1.50%)

Coast urban 233 12 0.58% (0.28–1.00%)

All rural 369 22 0.46% (0.27–0.71%)

All urban 347 20 0.51% (0.29–0.81%)

https://doi.org/10.1371/journal.pntd.0008362.t001

Table 2. Dengue. Poolscreen estimates for the minimum infection rate for DENV [16]. Kisumu and Ukunda repre-

sent the urban sites for the West and Coast, respectively. Rural collection sites were located in Chulaimbo and Msamb-

weni for the West and Coast, respectively.

Sites No. pools No. positive pools Estimated infection rate (95% CI)

All 714 3 0.03% (0.01–0.10%)

West 321 0 0.00% (0.00–0.03%)

West rural 180 0 0.00% (0.00–0.06%)

West urban 123 0 0.00% (0.00–0.10%)

Coast 395 3 0.08% (0.02–0.24%)

Coast rural 178 2 0.13% (0.02–0.44%)

Coast urban 233 1 0.05% (0.00–0.25%)

All rural 369 2 0.04% (0.00–0.14%)

All urban 347 1 0.03% (0.00–0.13%)

https://doi.org/10.1371/journal.pntd.0008362.t002
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positive pool were adult female mosquitoes caught by HLC in Ukunda, suggesting that DENV

was continuing to circulate at a low level at that time.

Discussion

Results of our study suggest that both DENV and CHIKV, but particularly CHIKV, remains in

circulation at low levels in Kenyan vectors in both rural and urban settings. The viruses are

maintained through all seasons, although peaks of infected mosquito abundance coincide with

periods of increased rainfall. An association between rainfall and CHIKV incidence has been

documented in other settings [26], but our detection of CHIKV in immature mosquitoes

across all years and seasons of the study now indicates that this virus can be maintained by ver-

tical transmission mechanisms during environmental conditions that are adverse for mosquito

proliferation. While evidence of DENV TOT in Kenya has recently been described during epi-

demic times [7], the present study is the first to describe vertical transmission of CHIKV in

wild Ae. aegypti mosquitoes and DENV during interepidemic times in Africa.

Extensive evidence for the maintenance of DENV and CHIKV by TOT mechanisms in

endemic regions illustrates the stability of the DENV and CHIKV in wild mosquito popula-

tions (S1 Table). Evidence from experimental infections of Aedes spp. mosquitoes with

CHIKV has demonstrated the potential for transovarial transmission of the virus [27–29].

Experimental evidence of TOT of CHIKV was debated in the 1980s [30], but has been repeat-

edly observed in laboratory settings with Aedes spp. (S1 Table) [27–29, 31–34]. The isolation of

Fig 3. Temporal distribution of arbovirus positive mosquito leg pools and total rainfall across each study region. Mosquitoes and rainfall data collected between

January 2014 and May 2016. Further study site details within western and coastal Kenya can be found in Fig 1.

https://doi.org/10.1371/journal.pntd.0008362.g003

Table 3. The numbers of total Ae. aegypti pools caught by each collection method. The number of CHIKV positive

pools of legs is shown in parentheses (). The number of DENV positives is shown in brackets [] The sex distribu-

tion of positive samples is given in the sub-rows. � One of the pools of mosquito legs from female mosquitoes was

caught by HLC was positive for both viruses.

Collection type No. of pools tested (Pos) % of total pools % of positive pools

BGS Sentinel 61 (4) 8.5 9.3

Male 1

Female 3

Human Landing Catch 52 (3) [32] 7.3 9.3

Male 0

Female 3 [32] �

Prokopack Aspirator 88 (4) 12.3 9.3

Male 1

Female 3

Ovitrap 248 (10) [32] 35.0 23.3

Male 5 [32]

Female 5

Larval Collection 193 (9) [32] 27.0 20.9

Male 4 [32]

Female 5

Pupal Collection 72 (12) 10.1 27.9

Male 6

Female 5

Total 714 (43) [3] 100 100

https://doi.org/10.1371/journal.pntd.0008362.t003
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CHIKV viral RNA (but not viable virus) in artificially infected Aedes aegypti has been previ-

ously reported by Wong et al. [29]. In contrast Vazeille et al. reported on the absence of vertical

transmission of the East/Central/South African (ECSA) strain of the virus in Aedes albopictus
in their studies of experimental infections [35]. CHIKV TOT has been confirmed in wild mos-

quito populations recently, with a report by Jain et al. identifying CHIKV in field-caught

immature Aedes aegypti mosquitoes in India [36], and a report by Thavara et al. finding

CHIKV in Aedes aegypti and Aedes albopictus adult males in Thailand [37], both providing

further evidence of vertical transmission in nature.

Our findings suggested the MIR for CHIKV was higher in adult mosquitoes as compared to

immature mosquitoes. This might be expected if, in addition to vertical transmission of the

virus (as suggested by our findings), adults may have also taken blood meals from CHIKV-pos-

itive humans. In addition, venereal infection of females by virus-positive male mosquitoes has

been described as another potential route for infection of adult females [33]. Interestingly, the

rate of infection of mosquitoes caught in larval collection was significantly higher than in the

ovitraps. Bara et al. [38] suggest a mechanism of horizontal DENV transfer in Aedes mosqui-

toes, by which larvae may became infected by the ingestion of material from dead, vertically-

infected immature mosquitoes or dead, infected adults [39, 40], yet such suggestions have yet

to be documented with published data. In addition to its potential contribution to viral persis-

tence, this mechanism may explain the proportionally increased rate of infection in our pupal

samples.

We detected DENV in immature mosquito specimens and adult male pools, suggesting

transovarial transmission of the virus in our samples. Thorough investigations have described

DENV TOT in wild mosquitoes in a many affected geographic regions [7, 41–63] (S1 Table),

suggesting an important role in the interepidemic maintenance of DENV. Although TOT

mechanisms are thought not to be an important method of viral transmission of DENV in SE

Asia and the Americas [15], the significant genetic divergence of Ae. aegypti mosquitoes from

these regions compared to those in Africa has been documented [64]. Thus, it is possible that

transovarial transmission mechanisms are of greater importance to DENV persistence in

Africa compared to the rest of the tropics. Moreover, differences in the vertical transmission

rate of DENV between Aedes aegypti and Aedes albopictus have been suggested previously

[15], hence it is likely that that mosquito species also plays a defining role in the rate of vertical

transmission of CHIKV. Future research comparing vertical transmission rates of different

arboviruses in competent vector species could help to inform local vector and risk manage-

ment policies. In future mosquito collections, we will endeavor to differentiate between differ-

ent Aedes species in order to expand the understanding of species-specific TOT contributions

to the global arboviral burden.

The increased presence of CHIKV in coastal Kenya, as observed in this study, is in agree-

ment with previous studies that have shown high rates of alphavirus transmission in this

region [65]. In addition, we only detected DENV-infected mosquitoes in the coastal study

sites. This finding is in accord with previous epidemiologic findings on the regional variation

in incidence of flavivirus infections in Kenya [12, 66–68]. During our 2014 to 2016 sampling

period described in this study, we were also simultaneously collecting blood samples from

child participants within acutely ill and healthy cohorts as a part of a larger, longitudinal study

aiming to determine the incidence and prevalence of DENV and CHIKV in children in coastal

and western Kenya, which has been previously described [10, 69]. Briefly, a primary diagnosis

of acute DENV or CHIKV infection accounted for 24% (n = 93/385 participants) of the partic-

ipants tested by RT-PCR [69]. These data specifically highlight the incidence of clinical

CHIKV and DENV disease in Kenyan children, with a greater frequency of confirmed inci-

dent CHIKV cases from western Kenya than from the coast [69]. This is the opposite of the
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viral prevalence in mosquitoes that we have reported here. It is possible that CHIKV is persis-

tently maintained in the mosquito population via transovarial transmission, particularly in

regions where a larger proportion of the human population have some immunity to the virus.

Moreover, in such regions of relatively higher immunity, local residents are hence less likely to

present with symptomatic infections [70, 71]. We have previously noted that the presence of

CHIKV in coastal Kenya may be misinterpreted by the presence of a closely related alphavirus,

O’nyong’nyong virus [65], which is transmitted by anopheline mosquitoes [65], yet indistin-

guishable from CHIKV when utilizing common serological diagnostic tools due to antibody

cross-reactivity [72]. Yet, repeated discovery of arboviruses in competent vectors and in

human populations reiterates the public health importance of these findings, and the need for

better integration into local vector control measures and community education.

Our study had limitations. An inherent sampling bias existed in our study due to the rela-

tive difficulty in capturing adult mosquitoes compared to eggs and larvae. We have, however

adjusted for this by expressing our data proportionally and, where relevant, as minimum infec-

tive rate. As with all studies, it is possible that some variation was introduced by the different

trap operators and entomologists at the different study sites. We minimized such effects by

ensuring that all personnel were briefed and trained together, by rotating staff between the 4

sites, and by holding regular conference calls between all staff to ensure consistency of our pro-

tocols and methodologies. This study focused on the detection of viral RNA from pooled mos-

quito legs, and data presented in this manuscript is not representative of potential live virus

that may have been contained within our samples. We were unable to recover viable CHIKV

and DENV in the laboratory as the test samples were stored in a lysis buffer, which rendered

them unsuitable for inoculation into cell culture. However, we did confirm the presence of

CHIKV in a subset of our samples using individual monoplex reactions, using the same prim-

ers as used in the multiplex reaction. The template used in these confirmatory monoplex assays

was generated in a separate reaction to that used for the multiplex assay. Additionally, initial

mosquito specimen processing occurred in laboratories that did not contain any live virus,

and molecular testing was conducted in a laboratory in which structural measures including a

one-way work flow and separate room for nucleic acid isolation and detection are instituted to

mitigate the risk of contamination. Thus, we are confident that our positive findings are not

the result of cross-contamination. Further confirmation of vertical transmission of CHIKV is

important to the elucidation of the mechanisms by which the virus is sustained outside of its

human host. To achieve this, future research should involve the appropriate collection and

storage of mosquito samples so that live virus, when present, can be isolated and characterized.

Our findings highlight the health implications of regional variation in arboviral circulation,

and underscore the importance of understanding mechanisms of arboviral transmission to

local risk assessment and healthcare management. Importantly, we have provided evidence

that CHIKV and DENV are vertically transmitted in Ae. aegypti mosquitoes, likely facilitating

the maintenance of baseline levels of virus in the study locations. Low-level circulation may

explain the lack of seasonal patterns in CHIKV and DENV epidemics in Kenya, yet regularly

occurring TOT is likely to contribute to local viral maintenance and a continuous, low-level

incidence of human infections that establish a higher baseline immunity to these viruses within

the local population.
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Abstract. Alphaviruses and flaviviruses are known to be endemic in Eastern Africa, but few data are available to
evaluate the prevalence of these infections. This leads to missed opportunities for prevention against future outbreaks.
This cohort study investigated the frequency of alphavirus and flavivirus incident infections in two regions of Kenya and
identifiedpotential risk factors. Seroconversions for alphavirus andflavivirus infectionswere identifiedby immunoglobulin
Genzyme-linked immunosorbent assay (IgG-ELISA) in a cohort of 1,604 acutely ill children over the year 2015. The annual
incidence was 0.5% (0.2–1.2%) for alphaviruses and 1.2% (0.7–2.2%) for flaviviruses. Overall, seroprevalence was
significantly higher for alphaviruses inwesternKenya thanon the coast (P=0.014), whereas flavivirus seroprevalencewas
higher on the coast (P= 0.044). Poverty indicators did not emerge as risk factors, but reliance on householdwater storage
was associated with increased exposure to both alphaviruses and flaviviruses (odds ratio = 2.3).

Sub-Saharan African residents are at high risk for several
arboviral infections, but regional surveillance data are scarce,
and, therefore, the full burden of exposure and disease is
unknown. Dengue (DENV, Flavivirus) and chikungunya
(CHIKV, Alphavirus) infections are both characterized by an
acute febrile syndrome, which can be difficult to distinguish
clinically from malaria without effective diagnostics. In an at-
tempt to fill in the gap in knowledge about arboviral trans-
mission, we started a surveillance study in January 2014
among children in Kenya. Whereas the comprehensive study
was carried out until June 2018, this preliminary assessment
reports results from testing of blood samples obtained during
2015. It characterizes the status of transmission of these
viruses, and provides information important to public health
institutions. We detected cases of acute febrile illness (AFI)
caused by alphaviruses and flaviviruses among children and
found a difference in prevalence between coastal andwestern
Kenya. We also identified factors associated with risk of in-
fection: practicing outdoor activity and using unreliable water
sources.
We enrolled a cohort of 1- to 17-year-old acutely ill subjects

presenting at one of four health-care centers (Kisumu and
Chulaimbo in western Kenya, and Ukunda andMsambweni in
coastal Kenya). In both regions of Kenya, we selected centers
located in an urban area (Kisumu andUkunda) and a rural area
(Chulaimbo and Msambweni). Subjects’ blood was drawn at
the initial visit and again during a follow-up visit (3–6 weeks
later). Sera from these paired samples were tested by ELISA
for CHIKV and DENV IgG. Seroconversion was defined as
having negative serum IgG at the initial visit, but a positive
serum IgG at the follow-up visit. Although we tested the
samples using inactivated DENV and CHIKV as ELISA anti-
gens, antibodies to other flaviviruses and alphaviruses have
been reported to cross-react with DENV and CHIKV,
respectively.1,2 Because of uncertainty in viral specificity of
the antibodies, henceforth, we refer to results from our DENV

and CHIKV assays as flavivirus and alphavirus results, re-
spectively. The positive controls used for the ELISAs were
made with pooled sera that had neutralizing antibodies for
DENV or CHIKV exclusively, without other traces of flavivirus
or alphavirus infection (plaque reduction neutralization test).
Written informed consent was obtained from the parents of all
study subjects and assent from all children older than the age
of 7 years. Protocols were approved by the Stanford Univer-
sity Institutional Review Board (IRB-31488) and the Kenya
Medical Research Institute Scientific and Ethical Review Unit
(protocol 2611). In addition, we collected behavioral and en-
vironmental data at each patient visit and performed associ-
ation tests to identify potential risk factors for alphavirus or
flavivirus infections. Seroprevalence and seroincidence 95%
confidence intervals (CIs) were calculated using the Wilson/
Brown method. Categorical comparisons were tested by chi-
square or Fisher’s exact test; continuous comparisons were
tested by t-test; and odds ratios (OR) and their CIs were cal-
culated with an online calculator.3

Between December 2014 and December 2015, 1,604 child
participants were enrolled in the study, 968 (60%) of whom
completed a follow-up visit. Seroprevalence was calculated
for the whole cohort, including both acute and follow-up visit
results (seropositive at any time point of the study), whereas
seroincidencewas calculated among thosewith paired serum
samples. More participants were enrolled at the coastal sites
(n=1,118) than at thewestern sites (n=486).Western subjects
were younger than their coastal counterparts (mean age 4.4
versus 5.9 years, respectively, P < 0.001), with no significant
clinical impact on the study however. Fifty-one percentage of
the cohort were female, with no difference in the proportion of
male and female subjects enrolled at each site (P = 0.77). We
identified 12 flavivirus seroconversions (Chulaimbo: 7,
Msambweni: 4, and Ukunda: 1) and five alphavirus serocon-
versions (Kisumu: 1, Msambweni: 1, Ukunda: 3). Flavivirus
seroincidence was 1.2% (95% CI: 0.7–2.2%) and alphavirus
seroincidencewas0.5% (95%CI: 0.2–1.2%).Weobserved no
significant difference between alphavirus and flavivirus in-
cidence in our cohort (5/968 versus 12/968, respectively, P =
0.14). Ten of the 17 total seroconversions (59%) occurred
between January 2015 and February 2015, suggesting an
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enhanced viral transmission during this period. No concurrent
flavivirus/alphavirus coinfection was observed.
Fisher’s exact test was used to perform the following pair-

wise comparisons, with an original P-value threshold of α =
0.05, adjusted to α = 0.01 after the Bonferroni correction.
Overall, flavivirus seroprevalence (3.7%, 60/1,604) was sig-
nificantly higher than alphavirus seroprevalence (2.1%, 34/
1,604,P = 0.009). Alphavirus seropositivity wasmore frequent
among subjects from western Kenya (3.5%, 17/486) than
among subjects from coastal Kenya (1.5%, 17/1,118, P =
0.014, Figure 1B), whereas flavivirus seropositivity was sig-
nificantly higher among the coastal subjects (4.4%, 49/1,118)
than among the western subjects (2.3%, 11/486, P = 0.044,
Figure 1B). We observed no difference in flavivirus exposure,
comparing urban with rural sites (3.6%, 29/817 versus 3.9%,
31/787, respectively, P = 0.70), or in alphavirus exposure
(2.6%,21/817versus 1.7%,13/787, respectively,P=0.23). As
expected, we found that seroprevalence of both viruses in-
creasedwith age (Figure 1C andD).Moreover, the older group
of children we included in this study was composed of sec-
ondary school students, and this age proxy was highly associ-
ated with a higher seroprevalence for alphaviruses, compared
with younger groups (OR = 19.2, 95% CI: 5.7–65.1).
All household environment and clinical parameters were

tested independently for association with alphavirus and

flavivirus seropositivity (Table 1). Patients with positive serol-
ogy at any timepoint of the study (initial or follow-up visit) were
included in the seropositive group. Poverty indicators (not
owning a radio, a TV, a motorized vehicle, or a telephone, or
not employing a domestic worker) were not significantly as-
sociated with alphavirus or flavivirus seroprevalence. Of note,
use of water sources requiring intermediate water storage
near the household (i.e., inside well; river or pond; rain water;
and water truck) instead of public water sources (public tap or
well) was significantly associated with higher probability of
being exposed to both alphaviruses and flaviviruses (OR=2.3,
95%CI: 1.0–5.4 and OR = 2.3, 95%CI: 1.2–4.3, respectively).
Children who reported outdoor activity were more likely to be
infected by both alphaviruses and flavivirus (OR=3.6, 95%CI:
1.1–11.8 and OR = 2.0, 95% CI: 1.0–3.8, respectively). Also,
contrary to common perceptions, children who always slept
under a bed net were not significantly protected against
alphaviruses (OR = 0.6, 95% CI: 0.3–1.5) or flaviviruses (OR =
1.0, 95% CI: 0.5–1.9) compared with those who never used
bed nets or used them only occasionally.
Alphaviruses and flaviviruses were the probable cause of

AFI in about 2% of children tested in this yearlong study. Al-
though these incidence rates are low and cannot be extrap-
olated to central Kenyan highlands, 2% of AFI in the lowlands
of Kenya potentially translates to thousands of missed cases

FIGURE 1. Alphavirus and flavivirus seroprevalence. Seroprevalencewas assessedby anti-IgGELISA. * =P £ 0.05, ** =P £ 0.01, *** =P £ 0.001, all
P-values were calculated using pair-wise Fisher’s exact test. (A) Alphavirus, as represented by “chikungunya (CHIKV),” and flavivirus, as repre-
sented by “Dengue (DENV),” seroprevalence by study site. (B) Alphavirus and flavivirus seroprevalence by western or coastal location. (C and D)
Alphavirus and flavivirus seroprevalence by respective age range.
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of alphavirus and flavivirus infection per year.4 These are likely
underestimates of the true seroincidence, as our study only
included acutely ill patients presenting to clinics, excluding
mild or asymptomatic cases.5,6 Moreover, investigating se-
roconversions allowed us to identify only primary infections,
aspreviously infectedpatientswere already IgGpositive; thus,
this technique does not screen the secondary infections, even
with another flavivirus or alphavirus. Interestingly, we docu-
mented a significantly higher alphavirus seroprevalence in-
land than on the Indian Ocean coast, whereas flavivirus
seroprevalence exhibited the opposite pattern. These differ-
ences have been described in previous studies and suggest
that transmission is not only determined by vector abundance
but also differs regionally in Kenya.7–10 A better clinical char-
acterization of these infections is desirable to improve the
quality of care given to patients.11 More importantly, we know
that underlying endemic transmission constitutes a risk for fu-
ture arboviral epidemics in other areas of Kenya, as it has oc-
curred recently for CHIKV along the coastal islands and for
DENV in northern cities and in Mombasa.12–14 Seven (41%) of
the 17 seroconversions that we identified occurred during dry
periods (monthly rainfall £ 50mm, corresponding to 25%of the
months with data collected), which suggests that relative
drought increases the risk of exposure to arboviruses in Kenya,
as previously shown for CHIKV.15 The use of unreliable water
sources and unprotected water storage during these periods
seem to have a strong impact on arboviral exposure.16,17
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Household environment and exposure to alphavirus and flavivirus infections

Parameter Risk factors tested CHIKV association DENV association
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P < 0.001 P < 0.001
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6 or more vs. 0–5 – 1.9 (0.9–3.7)
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CHIKV = chikungunya virus; DENV = dengue virus; OR = odds ratio. Alphavirus and flavivirus associations are based, respectively, on CHIKV and DENV serological data. Differences between all
groups were assessed by n-way Fisher’s exact test (italicized P-values). When a significant difference was noted between all the groups (P-value in bold), OR (in straight letters) was calculated to
assess association between the highest risk entry (in bold letters) and alphavirus or flavivirus infection.
* OR was used to compare water sources associated with water storage (in bold) in the household vs. other water sources. P-values and OR in bold are meeting significance (P £ 0.05, OR 95%

confidence interval ³ 1).
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