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Summary
Background Oropouche virus (OROV) is a neglected insect-borne orthobunyavirus that causes a febrile illness, 
neurological disease, and pregnancy complications in humans across an endemic area spanning South and 
Central America. The host factors associated with disease pathogenesis have nonetheless remained obscure, and 
little is known about the immune determinants of protection against OROV.

Methods We tracked morbidity, mortality, viral loads, and serum neutralisation in wild-type (WT), Rag1 −/− , 
CD19-Cre + Ifnar fl , and CD19-Cre + MyD88 fl mice and performed immunophenotyping experiments, passive 
serum transfers, and adoptive cell transfers to determine how early antibody responses and B cell subsets control 
viral replication and dissemination to the central nervous system after infection with OROV.

Findings In line with a protective role for B cells, WT mice efficiently produced OROV-specific antibodies within 
6 days of infection. Serum transfer containing neutralising IgM from WT to Rag1 −/− mice prevented neurological 
disease in OROV-challenged mice. CD19-Cre + MyD88 fl mice but not CD19-Cre + Ifnar fl mice were vulnerable to 
neurological disease and produced lower titres of OROV-specific antibodies that exhibited suboptimal 
neutralisation and potency compared with MyD88-sufficient mice. CD19-Cre + MyD88 fl mice also presented with 
reduced numbers of marginal zone B (MZB) cells and plasmablasts after infection, which were associated with 
high viral burdens and lethality. Adoptive transfer of MZB cells from WT mice protected CD19-Cre + MyD88 fl 

mice and partially protected Rag1 −/− mice from lethal infection with OROV.

Interpretation Early MyD88 signalling in B cells is required for optimal antibody responses that limit viral replication 
and neurological disease in mice infected with OROV.
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Introduction
Oropouche virus (OROV) is a vector-borne orthobu- 
nyavirus that is endemic in Latin America and the 
Caribbean and has been estimated to cause more than 
half a million cases in multiple outbreaks since 1960. 1–4 

OROV is currently spreading rapidly beyond its tradi- 
tional confines in the Amazon region, with a substan- 
tial increase in the number of expected infections from 
November 2023 to June 2024 and from October 2024 to 
April 2025. 5 Autochthonous cases have recently been 
documented outside Amazonia, extending to Colombia, 
Peru, Bolivia, and Cuba. 6–8 OROV nonetheless remains 
a largely neglected pathogen. 3,9

OROV is a trisegmented negative single-stranded 
RNA virus classified as Orthobunyavirus oropoucheense 
in the family Peribunyaviridae and the order Bunyavir- 
ales. 10,11 Genetic reassortment is a feature of OROV and 
underlies the current outbreak. 6,12 OROV is maintained 
in a sylvatic cycle among amplifier hosts, including 
sloths and potentially other vertebrates, such as 
nonhuman primates, migratory birds, and 
rodents. 10,13–15 Humans are dead-end hosts, and 
Culicoides paraensis is the main vector in the urban cy- 
cle. Other mosquitoes, notably Aedes serratus and Culex 
quinquefasciatus, can also transmit OROV. 1,10,13–15 

OROV infection causes an acute febrile illness in 
humans that is associated with headache, myalgia, 
arthralgia, photophobia, polyuria, and skin rash. 16 Most 
symptoms last for approximately one week, although in

many cases, symptoms can persist and relapse. 15–17 The 
virus has been detected in peripheral blood leukocytes 
isolated from patients 18 and can infect human periph- 
eral blood mononuclear cells in vitro. 19 OROV infection 
can be lethal and has also been linked with foetal ab- 
normalities and abortion as well as neurological disease 
in unborn children 20–22 and adults resulting from inva- 
sion of the central nervous system (CNS). 3,16,23–25 The 
underlying mechanisms of neuroinvasion and neuro- 
pathogenesis nonetheless remain obscure.
Many arboviral infections trigger type I interferon 

(IFN) responses in vertebrates, inducing the expression 
of IFN-stimulated genes (ISGs) that collectively hinder 
viral replication. 26,27 A previous study demonstrated that 
Ifnar −/− mice, which lack the IFN-α/β receptor, and 
Irf3/5/7 −/− mice, which lack IFN regulatory factors 
(IRFs) 3, 5, and 7, succumb to OROV infection. 28 

However, Irf3/7 −/− mice, which lack IRF3 and IRF7 
but retain IRF5, were less vulnerable to viral challenge 
than Irf5 −/− mice. 28 These latter mice exhibited signs of 
neurological disease and died from the infection, a 
susceptibility associated with lower titres of virus- 
specific neutralising antibodies compared with OROV- 
infected wild-type (WT) mice. 28 IRF5 is constitutively 
expressed in haematopoietic cells, including B cells, 29,30 

where it regulates the expression of B lymphocyte- 
induced maturation protein-1 (Blimp-1 or PRDM1), 31,32 

which demarcates antibody production. These obser- 
vations suggest that B cell responses can contribute to

Research in context

Evidence before this study
Oropouche virus (OROV) is a neglected arbovirus transmitted 
to humans living mainly in the Amazon basin after 
inoculation by Culicoides paraensis. It is currently responsible 
for an emerging outbreak of fever and encephalitis across 
several countries in South and Central America. Early 
antibody responses are thought to limit viral replication and 
prevent disease, but few studies have addressed this issue 
directly, and little is known about the role of B cell subsets as 
mediators of protection against OROV.

Added value of this study
We demonstrate that B cells but not T cells are essential for 
immune control of OROV in mice. In particular, we show that

early antibody responses are produced mainly by marginal 
zone B cells in a MyD88-dependent manner and restrict viral 
replication and spread to the central nervous system, 
protecting mice from encephalitis and subsequent death.

Implications of all the available evidence
Our findings suggest that MyD88 signalling in B cells is 
required for optimal antibody responses that protect mice 
against the severe neurological disease manifestations of 
OROV. These results could facilitate the development of 
antibody treatment strategies and vaccines to mitigate 
future outbreaks of OROV.
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protection against OROV-mediated neurological 
disease. In the present study, we investigated this 
hypothesis in mice.

Methods
Ethics
All animal procedures were performed in compliance 
with ARRIVE guidelines 2.0 (https://arriveguidelines. 
org/arrive-guidelines) and approved by the University 
of Campinas (Unicamp) Ethics Committee on Animal 
Use (protocol numbers 4876-1, 5181-1, and 5459-1).

Mice
C57BL/6 WT mice (RRID:MGI:7264313) were obtained 
from the Multidisciplinary Centre for Biological Research 
(Unicamp), C57BL/6 Rag1 −/− mice (RRID:MGI:2163461) 
were kindly donated by Prof. Dr. Jean Pierre Schatzmann 
Peron (University of São Paulo), C57BL/6 CD19-Cre + 

(RRID:IMSR_JAX:006785) and C57BL/6 MyD88 fl mice 
(RRID:MGI:3829502) were kindly provided by Prof. Dr. 
Niels Olsen Câmara (University of São Paulo), and 
C57BL/6 μMT (RRID:IMSR_JAX:002288), C57BL/6 
TCRβδ (RRID:IMSR_JAX:002122), and C57BL/6 Ifnar fl 

mice (RRID:IMSR_JAX:028256) were purchased from 
The Jackson Laboratory. Mouse strains were maintained 
with ad libitum access to food and water and were 
manipulated in the Biosafety Level 2 Specific Pathogen- 
Free Facility at the Department of Genetics, Evolution, 
Microbiology, and Immunology at the Institute of Biology 
(Unicamp). No exclusion criteria were applied during this 
study. Mouse group sizes were determined using power 
analyses (alpha = 0.05) as described previously. 28 To ach- 
ieve 80% power for the detection of a 1.0 log 10 change, 
three mice were required per group based on an expected 
standard deviation of 0.3 log 10 , and five mice were 
required per group based on an expected standard devi- 
ation of 0.5 log 10 . Accordingly, at least three mice were 
included per group in each experiment, except for some 
noncritical groups, and each experiment was performed 
at least twice independently. Male and female mice were 
used in all experiments, and sex was not considered as a 
biological variable. The number of mice used in each 
experiment is described in the relevant legend for each 
figure.

Virus and cell lines
OROV strain BeAn19991 (RRID:NCBITaxon_118655) 
was kindly provided by Prof. Dr. Luiz Tadeu Morais 
Figueiredo (University of São Paulo) and propagated in 
Vero cells at the Laboratory of Emerging Viruses (Uni- 
camp). Vero cells were purchased directly from the ATCC 
(CCL-81, RRID:CVCL_0059) and cultured in Dulbecco’s 
Modified Eagle Medium (DMEM, Sigma–Aldrich) sup- 
plemented with 5% heat-inactivated foetal bovine serum 
(FBS, Gibco), 100 IU/mL penicillin (Sigma–Aldrich), and 
100 μg/mL streptomycin (Sigma–Aldrich). Virus stocks

and cell lines routinely tested negative for mycoplasma 
by PCR. 33

Virus infection and sample acquisition
Mice were sedated and inoculated with 10 5 focus- 
forming units (FFU) of OROV delivered subcutane- 
ously into the left posterior plantar footpad in a final 
supernatant volume of 50 μL. An identical volume of 
supernatant derived from uninfected Vero cells was 
used as a negative control in all experiments. Mice were 
randomly allocated and housed separately for each 
condition, irrespective of initial weight and sex. After 
infection, mice were monitored daily for 21 days and 
individually assigned to clinical scores as follows: 
(1) active animal, no disease; (2) slow walking, slightly 
closed eyes, or slight impairment of balance; (3) apathy, 
ataxia, closed eyes, severe impairment of balance, cir- 
cular walking, lethargy, or paralysis; or (4) moribund or 
deceased animal. Mice assigned to clinical scores 3 or 4 
were euthanised immediately with an isoflurane over- 
dose. Other mice were euthanised similarly on day 21 
post-infection. These time points were defined as the 
terminal harvest in each case. Blood was collected via 
cardiac puncture for terminal harvesting or via the 
retro-orbital sinus for repeated harvesting after seda- 
tion. Dissection for organ collection was performed in 
a laminar flow cabinet after perfusion with 20 mL of 
0.15 M phosphate-buffered saline (PBS, pH 7.4). 
Serum was obtained after centrifugation of clotted 
blood at 12,000 × g for 15 min at 4 ◦ C. Organs were 
homogenised with zirconium beads for 40 s at 
6000 rpm in 1 mL of DMEM supplemented with 5% 
FBS (Gibco), 100 IU/mL penicillin (Sigma–Aldrich), 
and 100 μg/mL streptomycin (Sigma–Aldrich) using a 
MagNA Lyser Instrument (Roche). All samples were 
stored at −80 ◦ C. Investigators were aware of group 
allocations during experimentation.

Virus titration
Mouse samples and cell supernatants were thawed and 
clarified via centrifugation at 12,000 × g for 15 min at
4 ◦ C. The clarified supernatants were serially diluted 
and added to Vero-E6 cells (CRL-1586, RRID: 
CVCL_0574) seeded in 96-well plates (Corning). After
2 h, semisolid medium comprising DMEM supple- 
mented with 5% FBS (Gibco), 100 IU/mL penicillin 
(Sigma–Aldrich), 100 μg/mL streptomycin (Sigma– 
Aldrich), and 0.75% medium-viscosity carboxymethyl- 
cellulose sodium (Sigma–Aldrich) was added to the 
cultures, and after further 36 h, cells were fixed in 4% 
paraformaldehyde (pH 9.6, Sigma–Aldrich) overnight at
4 ◦ C. Cells were then washed with PBS. Nonspecific 
antigens were blocked via incubation with 5% skimmed 
milk powder (Molico) dissolved in PBS for 30 min at 
room temperature. Cells were washed between in- 
cubations with PBS containing 0.1% bovine serum al- 
bumin (BSA) and 0.1% Triton X-100. OROV polyclonal

Articles

www.thelancet.com Vol 117 July, 2025 3



immune ascitic fluid (VR-1228AF, ATCC) diluted 
1:1000 in 5% skimmed milk powder was added first for
2 h at room temperature. Cells were then washed and 
incubated with goat anti-mouse peroxidase-conjugated 
IgG (Sigma–Aldrich #A4416, RRID:AB_258167) diluted 
1:2000 in 5% skimmed milk powder for 1 h at room 
temperature. Cells were then washed again and incu- 
bated with TrueBlue Peroxidase Substrate (KPL). Foci 
were counted visually.

RNA extraction and quantification
Tissue RNA was extracted via the phenol-chloroform 
method using TRIzol (Invitrogen) and further purified 
using a PureLink RNA Mini Kit (Invitrogen). All eluted 
samples were quantified using a Nanodrop One Spec- 
trophotometer (Thermo Fisher Scientific). OROV RNA 
was measured in tissues via RT-qPCR using TaqMan 
Fast Virus 1-Step Master Mix (Applied Biosystems). 18

Focus reduction neutralisation test (FRNT)
Serum samples were inactivated by heating at 56 ◦ C for 
30 min and diluted 2-fold initially and then 4-fold 
serially in DMEM supplemented with 100 IU/mL 
penicillin (Sigma–Aldrich) and 100 μg/mL strepto- 
mycin (Sigma–Aldrich). OROV polyclonal immune as- 
citic fluid (VR-1228AF, ATCC) was used as a positive 
control for neutralisation. Samples were mixed via ho- 
mogenisation in equal volumes with 100 FFU of 
OROV. Virus titration was performed as described 
above. FRNT 50 values were defined via theoretical 
sample dilution to 50% reduction of infectivity versus 
positive controls using a three-parameter log-logistic 
regression curve fit.

ELISAs and Luminex
OROV-specific antibodies were quantified using an in- 
house ELISA. Plates were coated with 10 5 FFU of 
OROV in 100 mM carbonate-bicarbonate buffer (pH 
9.6) overnight at 4 ◦ C. After washing five times with 
washing buffer (PBS containing 0.05% Tween-20), 
plates were incubated with blocking buffer (washing 
buffer containing 10% skimmed milk powder) for 
30 min at 37 ◦ C. Serum samples were diluted 10-, 50-, 
100-, and 200-fold in blocking buffer and added to the 
plates for 2 h at 37 ◦ C. For the avidity assay, paired 
samples were incubated with 6 M urea for 10 min at 
37 ◦ C. After washing five times with washing buffer, 
goat anti-mouse peroxidase-conjugated IgM (Abcam 
#ab97230, RRID:AB_10688258) or goat anti-mouse 
peroxidase-conjugated IgG (Abcam #ab6789, RRID: 
AB_955439), respectively diluted 1:5000 or 1:10,000 in 
blocking buffer, was added for 1 h at 37 ◦ C. Plates were 
then washed again five times with washing buffer and 
incubated with 3,3’,5,5’-tetramethylbenzidine (Sigma– 
Aldrich) for 30 min at room temperature in a dark 
chamber before reading at 650 nm using an Epoch 
Spectrophotometer (BioTek). IFN-α was quantified

using a VeriKine Mouse Interferon-Alpha ELISA Kit 
(PBL Assay Science), and IFN-β was quantified using a 
Mouse IFN-Beta DuoSet ELISA Kit (R&D Systems). 
Levels of IFN-γ, IL-1β, IL-6, IL-10, IL-12, CXCL1, 
GM-CSF, and TNFα were determined using a Mouse 
Magnetic Luminex Assay Kit (R&D Systems).

Passive transfer studies
Serum was transferred to sedated Rag1 −/− mice via tail 
vein injection. IgM content was chemically depleted via 
incubation with an equal volume of 0.05 M β-mercap- 
toethanol (β-ME, Sigma–Aldrich) diluted in PBS for 1 h at 
37 ◦ C. Negative controls comprised β-ME diluted in PBS. 
Mice were randomly allocated and housed separately for 
each condition, irrespective of initial weight and sex.

Morphological analysis of brain tissues
Brain tissues were fixed in 4% paraformaldehyde 
(Sigma–Aldrich) for 24 h at room temperature. After 
washing four times with distilled water, each for 
10 min, tissues were maintained in 70% ethanol until 
inclusion in paraffin. Histological sections were cut at a 
thickness of 5 μm and stained with haematoxylin and 
eosin. Images were acquired using an Eclipse Ts2 
Microscope (Nikon).

Immunofluorescence microscopy of brain tissues
Brain tissues were fixed in 4% paraformaldehyde 
(Sigma–Aldrich) for 1 h at room temperature. After 
washing three times with PBS, each for 20 min, tissues 
were soaked in 15% sucrose diluted in PBS and incu- 
bated overnight at 4 ◦ C. Tissues were then soaked in 
30% sucrose diluted in PBS and maintained at 4 ◦ C. 
Sections were taken from the coronal plane at the 
posterior region of the diencephalon, soaked in optimal 
cutting temperature (OCT) compound at −70 ◦ C with 
liquid nitrogen-cooled n-hexane, cut at a thickness of
5 μm in a Leica Biosystems Cryostat (CM1860 UV), and 
maintained at −80 ◦ C. Sections were then washed with 
PBS, blocked with a blocking solution (PBS containing 
5% BSA and 0.1% Tween-20) for 1 h at room temper- 
ature, and incubated with OROV polyclonal immune 
ascitic fluid (VR-1228AF, ATCC) diluted 1:500 in PBS 
containing 3% BSA overnight at 4 ◦ C. After washing 
with PBS, sections were incubated with goat anti- 
mouse FITC-conjugated IgG (Sigma–Aldrich #F5262, 
RRID:AB_259638) diluted 1:1000 in PBS containing 1% 
BSA for 2 h at room temperature, washed again 
with PBS, and incubated with rabbit anti-ionised cal- 
cium-binding adaptor molecule 1 (IBA1, Fujifilm Wako 
#019-19741, RRID:AB_839504) diluted 1:500 in PBS 
containing 3% BSA overnight at 4 ◦ C. Sections were 
then washed again with PBS, incubated with goat anti- 
rabbit Cy3.5-conjugated IgG (Abcam #ab6941, RRID: 
AB_955037) diluted 1:1000 in PBS containing 1% BSA 
for 2 h at room temperature, and washed a final time 
with PBS. Slides were prepared using ProLong Gold
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Antifade Mountant with DAPI (Thermo Fisher Scien- 
tific). Images were acquired using an Upright LSM780- 
NLO Confocal Microscope (Zeiss) at the National 
Institute of Science and Technology on Photonics 
Applied to Cell Biology (INFABIC, Unicamp).

Flow cytometry
OROV-infected splenocytes were labelled with Fixable 
Viability Stain 510 (BD Horizon) for 30 min at 4 ◦ C. 
Cells were then washed with PBS, fixed in 4% para- 
formaldehyde (Sigma–Aldrich) for 30 min at 4 ◦ C, and 
analysed using a FACSCelesta (BD Biosciences). For 
immunophenotyping, splenocytes from OROV-infected 
and uninfected mice were harvested on days 6 or 14 
after infection or mock manipulation, counted, and 
stained with combinations of the following antibodies 
for 30 min at 4 ◦ C in a dark chamber: anti-B220–APC- 
Cy7 (0.4 μg/sample, clone RA3-6B2, BioLegend #103223, 
RRID:AB_313006), anti-CD3–FITC (1.0 μg/sample, 
clone 17A2, BioLegend #100204, RRID:AB_312661), 
anti-CD23–PE-Cy7 (0.4 μg/sample, clone B3B4, Bio- 
Legend #101614, RRID:AB_2103036), anti-CD38–APC 
(0.1 μg/sample, clone 90, BioLegend #102711, RRID: 
AB_312932), anti-CD138–PE (0.4 μg/sample, clone 281- 
2, BioLegend #142504, RRID:AB_10916119), anti-F4/ 
80–FITC (0.5 μg/sample, clone BM8, BioLegend 
#123107, RRID:AB_893500), anti-GL7–PerCP-Cy5.5 (0.2 
μg/sample, clone GL7, BioLegend #144609, RRID: 
AB_2562978), and anti-Gr1–FITC (0.5 μg/sample, clone 
RB6-8C5, BioLegend #108406, RRID:AB_313371). Data 
were acquired using an LSRFortessa (BD Biosciences).

Adoptive cell transfer studies
B220 hi CD23 − marginal zone B (MZB) cells were pu- 
rified from the spleens of WT or CD19-Cre + MyD88 fl 

mice via flow cytometry using a FACSMelody (BD 
Biosciences). Each sedated Rag1 −/− or CD19-Cre + 

MyD88 fl mouse received 5 × 10 5 MZB cells via retro- 
orbital sinus injection. After 24 h, mice were inocu- 
lated with OROV and monitored as described above. 
Mice were randomly allocated and housed separately 
for each condition, irrespective of initial weight and sex.

Factor analysis of mixed data (FAMD)
IgM and IgG quantity, avidity, and neutralisation po- 
tency (indices and FRNT 50 values), brain viral loads, 
mortality, and the cellularity of B cell populations from 
WT and CD19-Cre + MyD88 fl mice were used for 
FAMD. All paired data were available for mice suc- 
cumbing to OROV infection with a clinical score >1. 
Other data were randomly paired among WT or CD19- 
Cre + MyD88 fl mice.

Statistics
Data were analysed using Prism version 8 (GraphPad 
Software). Normality distributions were assessed using 
the Shapiro–Wilk test. Comparisons across three or

more groups were performed using the Kruskal–Wallis 
test with Dunn’s post-hoc test or the Mann–Whitney 
test with Bonferroni correction for group pairs. Sur- 
vival curves were compared using a log-rank test with 
Bonferroni correction. FAMD was performed using R 
project version 4.1.1 34 with packages FactoMineR 
version 2.4 35 and factoextra version 1.0.7. 36 FRNT 50 
values were calculated using the same version of R with 
the dcr package. 37 Relative gene expression was calcu- 
lated using the ΔΔCq method. Flow cytometry data 
were analysed using FlowJo version 9.9.3 (FlowJo LLC) 
with the UMAP 38 and FlowSOM PlugIns. 39 Hypothesis 
testing for each experiment is described in the relevant 
legend for each figure. Significance was assigned at 
p ≤ 0.05.

Role of funders
The funders had no role in study design, data collec- 
tion, data analysis, data interpretation, preparation of 
the manuscript, or the decision to publish.

Results
Rag1 −/− mice are vulnerable to OROV infection
OROV-induced disease is age-dependent in different 
strains of mice. Newborn C57BL/6, BALB/c, and SJL 
WT mice die from viral encephalitis, whereas adult 
mice are not susceptible. 40 To determine whether B 
and/or T cells are required for protection, we evaluated 
weight loss, morbidity, and mortality in Rag1 −/− mice 
aged 4–6 weeks or 9–12 weeks after subcutaneous 
footpad inoculation with OROV. Rag1 −/− mice suc- 
cumbed to infection with median survival times of 16 
and 13 days in the younger and older groups, respec- 
tively (p < 0.0001 in each case versus WT mice, log-rank 
test with Bonferroni correction), with disease charac- 
terised by weight loss and increasing clinical severity 
(Fig. 1a–c). Signs of neurological damage, including 
lethargy, paralysis, and ataxia, were detected after day 7 
of viral inoculation. All further experiments were per- 
formed using mice aged 4–6 weeks.

OROV replicates at high titres in the brains and 
spinal cords of Rag1 −/− mice
To determine the basis of susceptibility to OROV infec- 
tion in the absence of adaptive immune responses, we 
quantified viral loads in the serum, inguinal lymph 
nodes, liver, spleen, kidneys, brain, and spinal cord of 
individual WT or Rag1 −/− mice on days 1, 3, 6, and 14 
after infection or at terminal harvest using a focus- 
forming assay and RT-qPCR. As expected from our 
previous work, 40 we did not recover infectious OROV 
from any site in WT mice. However, OROV RNA was 
detected at low levels in several tissues, including the 
brain and spinal cord, isolated from WT mice (Fig. 1d–j). 
In contrast, all Rag1 −/− mice exhibited viraemia after 
day 1 post-infection, and infectious virus particles and

Articles

www.thelancet.com Vol 117 July, 2025 5



OROV RNA were recovered from all sites at different 
time points after inoculation (Fig. 1d–j). We also detected 
OROV antigens in brain sections from Rag1 −/− mice at 
terminal harvest via indirect immunofluorescence mi- 
croscopy (Supplemental Fig. S1). Neuronal-shaped cells 
frequently stained positive for OROV (Supplemental 
Fig. S1). Moreover, discrete staining was observed for 
IBA1, indicating microglial activation (Supplemental 
Fig. S1). 40,41 No further morphological brain alterations 
were identified via staining with haematoxylin and eosin. 
Infectious viral loads in the CNS were increased by more 
than two orders of magnitude at the time of death be- 
tween days 8 and 16 (p < 0.0001 versus day 1, Kruskal– 
Wallis test with Dunn’s post-hoc test), indicating 
persistent infection (Fig. 1i and j). These data suggested 
that B and/or T cells were essential for restricting OROV 
infection and dissemination into the CNS.

B cells are required to control OROV infection
As Rag1 −/− mice lack mature B and T cells, 42 we 
investigated the roles of these cell lineages as mediators 
of immune protection against OROV by assessing 
morbidity and mortality in μMT and TCRβδ mice, 
which lack mature B or T cells, respectively. 43,44 WT and 
TCRβδ mice were resistant to disease caused by OROV 
infection, whereas μMT mice died 1–3 weeks after viral 
challenge (p < 0.0001 for μMT mice versus WT or 
TCRβδ mice, log-rank test with Bonferroni correction) 
(Fig. 2a). OROV-infected μMT mice developed severe 
disease, exhibiting weight loss, lethargy, ataxia, and 
limb paralysis close to the day of death (Fig. 2b and c), 
and high titres of OROV were recovered from various 
organs and serum (Fig. 2d–j). These observations 
indicated that B cells but not T cells were required to 
restrict OROV infection.

a b c d

e f

i j

g h

Fig. 1: Mortality, weight loss, morbidity, and viral loads for Rag1 −/− mice after OROV infection. (a) Survival and (b) weight of C57BL/6 WT 
mice aged 4–6 weeks (grey, n = 14), Rag1 −/− mice aged 4–6 weeks (red, n = 14), and Rag1 −/− mice aged 9–12 weeks (orange, n = 14) over 21 
days post-infection (dpi) with 10 5 FFU of OROV. Statistical differences were assessed using a log-rank test with Bonferroni correction (a). 
****p < 0.0001. (c) Clinical scores for Rag1 −/− mice aged 4–6 weeks (n = 14) after OROV infection. Bars indicate the percent occurrence for 
each clinical score among all mice. Clinical scores were defined as follows: (1) active animal, no disease; (2) slow walking, slightly closed eyes, 
or slight impairment of balance; (3) apathy, ataxia, closed eyes, severe impairment of balance, circular walking, lethargy, or paralysis; or 
(4) moribund or deceased animal. (d–j) Viral loads in serum and tissues from infected Rag1 −/− mice (red, n = 8 at each time point) and WT 
mice (grey, n = 8 at each time point) measured via focus-forming assay (circles correspond to left y-axis) or RT-qPCR (squares correspond to 
right y-axis). Statistical differences were assessed using the Kruskal–Wallis test with Dunn’s post-hoc test for each group versus day 1 
post-infection. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant. Symbols represent death events (a), mean ± SEM (b), 
or individual viral loads (d–j), and lines represent mean values (d–j). Data were pooled from at least three independent experiments. FFU 
Eq = focus-forming unit equivalents; L.O.D. = limit of detection.
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IFNAR signalling in B cells is not required to 
control OROV infection
Type I IFNs can restrict several arboviral infections via 
different mechanisms, and B cells can act as an 
important source of type I IFNs. 22,45,46 To determine 
whether type I IFN signalling in B cells is important for 
controlling OROV infection, we generated CD19-Cre + 

Ifnar fl/fl , CD19-Cre + Ifnar fl/wt , CD19-Cre + Ifnar wt/wt , and 
Cre – Ifnar fl/fl mice. All of these mice were resistant to 
OROV infection, exhibiting no weight loss, no signs of 
disease, and no evidence of uncontrolled viral replica- 
tion (Supplemental Fig. S2). These results demon- 
strated that type I IFN signalling in B cells was not 
required to control OROV infection.

MyD88 signalling in B cells is required to control 
OROV infection
In an earlier study, we observed that moribund Irf5 −/− 

mice exhibited lower systemic neutralising antibody 
titres than healthy OROV-infected WT mice. 28 IRF5 is a 
transcription factor associated with B cell maturation

that is activated via MyD88 signalling and Toll-like re- 
ceptors (TLRs). 47–49 To investigate the role of MyD88 
signalling in B cells during OROV infection, we gener- 
ated CD19-Cre + MyD88 fl/fl , CD19-Cre + MyD88 fl/wt , 
CD19-Cre + MyD88 wt/wt , and Cre – MyD88 fl/fl mice. Some 
mice with decreased or no MyD88 expression in B cells 
(CD19-Cre + MyD88 fl/fl and CD19-Cre + MyD88 fl/wt , 
termed here CD19-Cre + MyD88 fl ) developed weight loss 
and signs of neurological disease and died after inocu- 
lation with OROV (p < 0.05 for CD19-Cre + MyD88 fl mice 
versus CD19-Cre + MyD88 wt/wt and Cre – MyD88 fl/fl mice, 
log-rank test with Bonferroni correction) (Fig. 3a–d). 
These phenotypes were associated with high levels of 
viraemia and viral replication in peripheral organs and 
the CNS (Fig. 3e–k). CD19-Cre + MyD88 fl mice with 
higher clinical scores succumbed to the infection 
(Fig. 3d). OROV antigens were detected in brain sections 
from these mice at terminal harvest via indirect immu- 
nofluorescence microscopy (Supplemental Fig. S1). In 
brain sections from neurologically affected mice, 
neuronal-shaped cells frequently stained positive for

a b c d

e f

i j

g h

Fig. 2: Mortality, weight loss, morbidity, and viral loads for μMT mice after OROV infection. (a) Survival and (b) weight of C57BL/6 WT 
mice (grey, n = 14), μMT mice (orange, n = 18), and TCRβδ mice (green, n = 21) over 21 days post-infection (dpi) with 10 5 FFU of OROV. 
Statistical differences were assessed using a log-rank test with Bonferroni correction (a). ****p < 0.0001. (c) Clinical scores for μMT mice 
(n = 18) after OROV infection. Bars indicate the percent occurrence for each clinical score among all mice. Clinical scores were defined as in 
Fig. 1. (d–j) Viral loads in serum and tissues from infected μMT mice (n = 10 at each time point) measured via focus-forming assay. Statistical 
differences were assessed using the Kruskal–Wallis test with Dunn’s post-hoc test across all days post-infection. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, ns = not significant. Symbols represent death events (a), mean ± SEM (b), or individual viral loads (d–j), and 
lines represent mean values (d–j). Data were pooled from at least three independent experiments. L.O.D. = limit of detection.
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OROV, and discrete staining was observed for IBA1 
(Supplemental Fig. S1). Brain sections from mice lack- 
ing overt signs of neurological disease exhibited weaker 
staining for OROV and IBA1 (Supplemental Fig. S1). No 
further morphological alterations were identified via 
staining with haematoxylin and eosin. In contrast, no 
evidence of ongoing viral replication or signs of disease 
were observed in control mice (Cre – MyD88 fl/fl or CD19- 
Cre + MyD88 wt/wt ). These results indicated that MyD88 
signalling in B cells was required to control OROV 
infection.

A lack of B and T cells or MyD88 expression in B 
cells does not hamper the production of 
chemokines and cytokines after OROV infection
As the type I IFN response in B cells was not required 
to control OROV infection, we quantified inflamma- 
tory chemokines and cytokines via ELISA and Lumi- 
nex. Several inflammatory mediators were not

detected in serum samples from infected mice, 
including IFN-γ, IL-6, GM-CSF, and TNF-α. We 
nonetheless found that WT and Cre – MyD88 fl/fl , CD19- 
Cre + MyD88 fl , and Rag1 −/− mice produced IFN-α, IFN- 
β, IL-1β, IL-10, IL-12 p70, and CXCL1, albeit with no 
common profiles after infection with OROV 
(Supplemental Fig. S3).

OROV infection induces high titres of neutralising 
antibodies in WT mice
To extend these findings, we quantified neutralising 
antibodies in the serum of OROV-infected WT mice. 
High titres of neutralising antibodies were detected 
14 days after infection, with FRNT 50 values ≥ 1:65,000 
(p < 0.0001 versus uninfected WT mice, Kruskal–Wallis 
test with Dunn’s post-hoc test) (Supplemental Fig. S4a 
and b). Naive WT mice also exhibited some neutralising 
capacity, potentially due to natural antibodies, with 
FRNT 50 values ≥ 1:64 (p < 0.0001 versus infected WT

a b c d

e f g h

i j k

Fig. 3: Mortality, weight loss, morbidity, and viral loads for CD19-Cre + MyD88 fl mice after OROV infection. (a) Survival and (b) weight of 
CD19-Cre + MyD88 fl/fl mice (blue circles, n = 19), CD19-Cre + MyD88 fl/wt mice (blue triangles, n = 11), and Cre – MyD88 fl/fl or CD19-Cre + MyD88 wt/wt 

mice (grey circles, n = 17) over 21 days post-infection (dpi) with 10 5 FFU of OROV. Statistical differences were assessed using a log-rank 
test with Bonferroni correction (a). *p < 0.05. (c, d) Clinical scores for WT mice (n = 19) and CD19-Cre + MyD88 fl mice (n = 19) after OROV 
infection. Bars indicate the percent occurrence for each clinical score among all mice. Clinical scores were defined as in Fig. 1. (e–k) Viral 
loads in serum and tissues from infected CD19-Cre + MyD88 fl mice (blue, n = 12 at each time point) and Cre – MyD88 fl/fl or CD19-Cre + 

MyD88 wt/wt mice (grey, n = 12 at each time point) measured via focus-forming assay. Statistical differences were assessed using the 
Kruskal–Wallis test with Dunn’s post-hoc test for each group versus day 1 post-infection. ns = not significant. Symbols represent death 
events (a), mean ± SEM (b), or individual viral loads (e–k), and lines represent mean values (e–k). Data were pooled from at least three 
independent experiments. L.O.D. = limit of detection.
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mice, Kruskal–Wallis test with Dunn’s post-hoc test) 
(Supplemental Fig. S4a and b).

Natural antibodies do not substantially restrict 
OROV neuropathogenesis
Natural antibodies play a key role in controlling infec- 
tious agents in mice. 50,51 To investigate this phenome- 
non in the context of OROV infection, we pooled sera 
harvested from naive WT mice 14 days after vehicle 
inoculation (Supplemental Fig. S4a and b) and trans- 
ferred 100 μL or 400 μL intravenously to Rag1 −/− mice 
on the day of viral challenge. Recipient mice exhibited 
weight loss and developed neurological disease, with 
high viral loads in peripheral organs and the CNS, and 
died from the infection (Supplemental Fig. S4c–e). 
These findings indicated that natural antibodies at the 
doses administered here were not sufficient to confer 
immune protection against OROV.

Neutralising antibodies against OROV protect 
susceptible mice
In further experiments, we pooled sera harvested from 
WT mice on day 14 after infection (Supplemental 
Fig. S4a and b) and transferred 100 μL to Rag1 −/− mice 
on days 0, 3, or 6 after OROV challenge. Sera transferred 
within 3 days of challenge protected Rag1 −/− mice. In 
contrast, sera transferred after 6 days post-challenge were 
not protective, as recipient Rag1 −/− mice developed 
neurological signs of disease associated with high viral 
titres in peripheral organs and the CNS (Supplemental 
Fig. S4f–h). These data revealed that neutralising anti- 
bodies could protect against OROV-induced disease if 
administered early after viral exposure.

OROV neuropathogenesis is restricted by early IgM 
antibody production
Antibody isotypes are differentially produced in 
response to antigenic stimuli in vivo. 52,53 In mice, virus- 
specific IgM can be detected as early as day 2 after 
infection and typically peaks on day 6 after infection, 
whereas virus-specific IgG usually becomes detectable 
from day 6 after infection. 54–56 We hypothesised that 
IgM produced during primary infection might be 
essential to control OROV replication. To test this hy- 
pothesis, we pooled sera harvested from WT mice on 
days 3–6 after infection and transferred 100 μL to 
Rag1 −/− mice on the day of viral challenge. WT sera 
harvested on days 3–5 after infection delayed the 
development of neurological disease and death 
(p < 0.001 versus WT sera harvested on day 6, log-rank 
test with Bonferroni correction). In contrast, WT sera 
harvested on day 6 after infection protected Rag1 −/− 

mice from OROV challenge, albeit in some cases with 
evidence of systemic viral replication (Fig. 4a–c). To 
establish the role of IgM in this phenomenon, we 
treated the protective serum samples with β-ME to 
chemically deplete IgM 57 before transfer to Rag1 −/−

mice. β-ME-treated sera lost protective activity against 
OROV challenge, and all recipient Rag1 −/− mice suc- 
cumbed to infection, with high viral loads in peripheral 
organs and the CNS (Fig. 4d–f). The efficacy of β-ME 
treatment was confirmed via ELISA and the FRNT 
(Fig. 4g–i).

MyD88 deletion in B cells modulates the antibody 
response against OROV
As the MyD88 signalling pathway in B cells was 
essential for restricting OROV pathogenesis and repli- 
cation (Fig. 3), and neutralising antibodies inhibited the 
development of viral encephalitis as soon as day 6 after 
infection (Fig. 4), we determined whether MyD88 sig- 
nalling in B cells modulated the production of anti- 
bodies against OROV. For this purpose, we quantified 
OROV-specific antibodies in serum samples harvested 
from WT and CD19-Cre + MyD88 fl mice on days 6 and 
14 after infection. Lower OROV-specific IgM titres with 
reduced avidity were found in CD19-Cre + MyD88 fl mice 
compared with WT mice on day 6 after infection 
(p < 0.001 and p < 0.05, respectively, Mann–Whitney 
test with Bonferroni correction) (Fig. 5a–c). CD19- 
Cre + MyD88 fl mice also exhibited lower OROV-specific 
IgG titres on day 14 after infection than WT mice 
(p < 0.0001, Mann–Whitney test with Bonferroni 
correction) (Fig. 5b). Moreover, IgG antibody avidities 
were lower in CD19-Cre + MyD88 fl mice compared with 
WT mice on day 14 after infection, but this was not 
significant (Fig. 5d).
We then evaluated the neutralising capacity of heat- 

inactivated serum samples using the FRNT. Higher 
neutralising antibody titres were detected in WT mice 
compared with CD19-Cre + MyD88 fl mice on day 14 
after infection (p < 0.01, Mann–Whitney test with 
Bonferroni correction) (Fig. 5f–h). Moreover, CD19- 
Cre + MyD88 fl mice exhibited neutralising antibody ti- 
tres that were similar to those of naive WT mice, both 
on day 6 and on day 14 after infection (Fig. 5g and h). 
MyD88 deficiency in B cells reduced the neutralisation 
potency of OROV-specific IgM antibodies by 1.21 log 10 
on day 6 after infection and the neutralisation potency 
of OROV-specific IgG antibodies by 3.17 log 10 on day 14 
after infection compared with WT mice (p < 0.001 and 
p < 0.0001, respectively, Mann–Whitney test with 
Bonferroni correction) (Fig. 5e). CD19-Cre + MyD88 fl 

mice that died also produced lower titres of neutralising 
antibodies than CD19-Cre + MyD88 fl mice that survived 
throughout the course of infection, but this was not 
significant (Fig. 5i).
To determine the biological relevance of these find- 

ings, we pooled sera harvested from CD19-Cre + MyD88 fl 

mice on days 6 or 14 after infection and transferred 
100 μL to Rag1 −/− mice on the day of viral challenge. 
Recipient Rag1 −/− mice developed neurological disease, 
with high viral loads in peripheral organs and the CNS, 
and died from the infection (Fig. 5j–l). These collective
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results indicated that MyD88 signalling in B cells was 
required for the optimal production of neutralising an- 
tibodies against OROV during primary infection.

MyD88 signalling is required for the development 
and maintenance of B cell subsets during OROV 
infection
To better understand the impaired antibody response 
generated by B cells lacking MyD88 expression, we 
used flow cytometry to immunophenotype B cell

subsets from the spleens of WT and CD19-Cre + 

MyD88 fl mice (Supplemental Fig. S5). We observed 
increased numbers of B220 hi cells, follicular B cells, 
and memory B cells (p < 0.01 for each subset, Mann– 
Whitney test with Bonferroni correction) (Fig. 6a, b, e, 
h, j) and reduced numbers of B220 hi CD138 int CD38 + 

plasmablasts (PBs) in CD19-Cre + MyD88 fl mice relative 
to WT mice on day 6 after infection (p < 0.01, Mann– 
Whitney test with Bonferroni correction) (Fig. 6a, b, k). 
CD19-Cre + MyD88 fl mice also exhibited reduced

a b c

d e f

g h i

Fig. 4: Mortality, weight loss, and viral loads for Rag1 −/− mice and IgM responses after OROV infection. (a) Survival and (b) weight of 
Rag1 −/− mice inoculated on the day of OROV challenge with sera harvested from WT mice 3–6 days post-infection (dpi) (coloured numbers, 
n = 6 per group). (c) Viral loads in serum and tissues from mice in (a, b) measured via focus-forming assay (coloured numbers, n = 6 per 
group). (d) Survival and (e) weight of Rag1 −/− mice inoculated on the day of mock manipulation (orange, n = 5) or OROV challenge (red, n = 7) 
with β-ME-treated sera harvested from WT mice on day 6 post-infection. (f) Viral loads in serum and tissues from mice in (d, e) measured via 
focus-forming assay (n = 5 for mock manipulation, n = 7 for OROV challenge). Statistical differences were assessed using a log-rank test with 
Bonferroni correction (a, d) or the Kruskal–Wallis test with Dunn’s post-hoc test across all tissue samples (c, f). ***p < 0.001, ****p < 0.0001, 
ns = not significant. Symbols represent death events (a, d), mean ± SEM (b, e), or individual viral loads (c, f), and lines represent mean values 
(c, f). Data were pooled from at least three independent experiments. (g) Anti-OROV ELISA and (h) FRNT analyses of sera harvested from WT 
mice on days 6 or 14 post-infection before (grey, n = 10) and after treatment with β-ME (red, n = 5). (i) FRNT 50 values for individual mice in 
(g, h) (n = 10 per group). Statistical differences were assessed using the Mann–Whitney test with Bonferroni correction (g, i). *p < 0.05, 
****p < 0.0001, ns = not significant. Symbols represent individual mice (g, i) or mean ± SEM (h), bars represent mean ± SEM (g, i), and lines 
represent three-parameter log-logistic regression curves for relative infection per dilution (h). Data were pooled from at least three inde- 
pendent experiments. L.O.D. = limit of detection.
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numbers of B220 int cells, MZB cells, B220 hi CD138 int 

CD38 + PBs, and B220 int CD138 + PBs relative to WT mice 
on day 14 after infection (p < 0.01 for B220 int cells, MZB 
cells, and B220 hi CD138 int CD38 + PBs and p < 0.05 for 
B220 int CD138 + PBs, Mann–Whitney test with Bonfer- 
roni correction) (Fig. 6a, b, d, g, k, l). No significant dif- 
ferences in cellularity among B cell subsets were 
observed between uninfected groups of mice (Fig. 6c–m). 
Cell frequencies adhered to a similar pattern 
(Supplemental Fig. S6). It was also notable that CD19- 
Cre + MyD88 fl mice with a clinical score of 2 on day 6 and 
a clinical score of 3 on day 14 after infection showed 
signs of neurological disease and exhibited decreased

cellularity across almost all B cell subsets analysed at 
each time point (Fig. 6c–m). These observations sug- 
gested that MyD88 signalling in B cells was essential for 
the development and maintenance of B cell subsets 
during OROV infection.

Marginal zone B cells are required for effective 
control of OROV infection
To integrate our findings and determine the correlates 
of protection against OROV, we incorporated the values 
for IgM and IgG quantity, avidity, and neutralisation 
potency (index and FRNT 50 ), brain viral loads, mortal- 
ity, and the cellularity of B cell populations from WT

a b c d
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Fig. 5: Antibody responses in mice with MyD88-deficient B cells during OROV infection. (a, b) Quantification and (c, d) avidity of OROV- 
specific IgM (a, c) and IgG isotypes (b, d) in serum samples (10-fold dilution) from WT mice (grey, n = 8 per condition/time point) and CD19- 
Cre + MyD88 fl mice (blue, n = 8 per condition/time point) after mock manipulation (NI = noninfected) or at the indicated days post-infection 
(dpi) with 10 5 FFU of OROV. (e) Neutralisation potency index (log FRNT 50 /Ig) of serum samples from WT mice and CD19-Cre + MyD88 fl mice 
(n = 8 for 6 dpi and n = 10 for 14 dpi). Statistical differences were assessed using the Mann–Whitney test with Bonferroni correction (a–e). 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant. Symbols represent individual mice, and bars represent mean ± SEM 
(a–e). (f–h) FRNT analysis of sera harvested from (f) WT mice (grey, n = 6 for NI, n = 6 for 6 dpi, and n = 16 for 14 dpi) and (g) CD19-Cre + 

MyD88 fl mice (blue, n = 3 for NI, n = 8 for 6 dpi, and n = 8 for 14 dpi) after mock manipulation or at the indicated days post-infection, with 
(h) FRNT 50 values for individual WT mice (grey, n = 5 for NI, n = 6 for 6 dpi, and n = 16 for 14 dpi) and CD19-Cre 

+ MyD88 fl mice (blue, n = 3 
for NI, n = 7 for 6 dpi, and n = 7 for 14 dpi). Ascitic fluid (anti-OROV) was used as a positive control (purple). Statistical differences were 
assessed using the Mann–Whitney test with Bonferroni correction (h–i). **p < 0.01, ns = not significant. Symbols represent mean ± SEM (f, g) 
or individual mice (h), lines represent three-parameter log-logistic regression curves for relative infection per dilution (f, g), and bars represent 
mean ± SEM (h). (i) FRNT 50 values for individual CD19-Cre 

+ MyD88 fl mice that survived (blue, n = 3) or succumbed to the infection (red, 
n = 2). Statistical differences were assessed using the Mann–Whitney test with Bonferroni correction (i). ns = not significant. Symbols 
represent individual mice, and lines represent mean values (i). nc = noncollected sample. (j) Survival and (k) weight of Rag1 −/− mice inoculated 
on the day of OROV challenge with sera harvested from CD19-Cre + MyD88 fl mice on day 6 (circles, n = 9) or day 14 post-infection (squares, 
n = 7). (l) Viral loads in serum and tissues from mice in (j, k) measured via focus-forming assay (n = 5 per group). Statistical differences were 
assessed using a log-rank test with Bonferroni correction (j) or the Kruskal–Wallis test with Dunn’s post-hoc test across all tissue samples 
(l). ns = not significant. Symbols represent death events (j), mean ± SEM (k), or individual viral loads (l), and lines represent mean values 
(l). L.O.D. = limit of detection.
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Fig. 6: B cell subset development and maintenance in MyD88-deficient mice during OROV infection. (a) Uniform Manifold Approxi- 
mation and Projection (UMAP) representation of splenic CD3 – Gr1 – F4/80 – lymphocytes from WT mice (grey, n = 8 per condition/time point) 
and CD19-Cre + MyD88 fl mice (blue, n = 3 for noninfected [NI] and n = 8 at each time point) after mock manipulation or at days 6 or 14 post- 
infection (dpi) with 10 5 FFU of OROV. (b) B cell subset frequencies among splenic CD3 – Gr1 – F4/80 – lymphocytes from (a). (c–m) B cell 
numbers per spleen for the indicated subsets from WT mice (grey, n = 8 per condition/time point) and CD19-Cre + MyD88 fl mice (blue, n = 3 
for NI and n = 8 at each time point) after mock manipulation or at days 6 or 14 post-infection with 10 5 FFU of OROV. B cell subsets were
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and CD19-Cre + MyD88 fl mice into a FAMD. The cate- 
gorical variable of genotype clearly segregated in- 
dividuals into two groups, with 37.4% of the variance in 
Dim-1 and 21% of the variance in Dim-2, together with 
the categorical variable of mortality associated with the 
CD19-Cre + MyD88 fl genotype (Fig. 7a). The quantitative 
variables of high IgM and IgG quantity and avidity, 
MZB cell and B220 hi CD138 int CD38 + PB cellularity, 
and total cellularity were associated with the WT ge- 
notype, whereas low neutralisation potency indices and 
FRNT 50 values and high viral loads in the CNS were 
associated with the CD19-Cre + MyD88 fl genotype 
(Fig. 7b). The variables with contributions above the 
uniform average in Dim-1 were the cellularity of B220 hi 

cells, B220 int cells, B220 – cells, plasma cells, germinal 
centre B cells, B220 int CD138 + PBs, MZB cells, follic- 
ular B cells, and total cellularity (Fig. 7c). The variables 
with contributions above the uniform average in Dim-2 
were genotype, neutralisation potency (indices and 
FRNT 50 values), IgG quantity, and B220 

hi CD138 int 

CD38 + PB cellularity (Fig. 7d). Tracking the contribu- 
tions of variables across all dimensions further sug- 
gested that MZB cells were central to the divergent 
response between WT and CD19-Cre + MyD88 fl mice, 
followed by genotype, mortality, distinct populations of 
PBs, viral loads in the CNS, and antibody activity 
(Fig. 7e).
To corroborate these findings, we adoptively trans- 

ferred MZB cells isolated from naive WT or CD19-Cre + 

MyD88 fl mice via flow cytometry to Rag1 −/− or CD19- 
Cre + MyD88 fl mice on the day before OROV challenge. 
CD19-Cre + MyD88 fl mice that received CD19-Cre + 

MyD88 fl MZB cells remained proportionately vulner- 
able to disease, and all Rag1 −/− mice that received 
CD19-Cre + MyD88 fl MZB cells died from the infection 
(p < 0.01 versus WT MZB cells, log-rank test with 
Bonferroni correction) (Fig. 7f). In contrast, CD19- 
Cre + MyD88 fl mice that received WT MZB cells were 
fully protected from disease, and some Rag1 −/− mice 
that received WT MZB cells remarkably also survived 
the challenge (Fig. 7f). Of note, higher systemic titres 
of neutralising antibodies were detected in CD19- 
Cre + MyD88 fl mice that received MZB cells from WT 
versus CD19-Cre + MyD88 fl mice (p < 0.01, Mann– 
Whitney test with Bonferroni correction) (Fig. 7g 
and h).
Collectively, these findings demonstrated that a lack 

of MyD88 signalling in B cells impaired the develop- 
ment of lineage-defined subsets, including MZB cells,

resulting in diminished neutralising antibody titres and 
limited control of OROV infection.

Discussion
Mechanisms of innate immunity, typically involving 
dendritic cells, macrophages, and other myeloid 
cells, 58–61 restrict many viral infections and synergise 
with adaptive immune responses, including B cell- 
mediated antibody production, to generate durable 
antiviral protection. All immune cells can recognise 
viral RNA via innate sensors, such as TLRs and other 
pattern recognition receptors (PRRs). Among the 
various molecules involved in intracellular signalling 
via PRRs, MyD88 is an essential adaptor protein 
recruited by IL-1R and several TLRs, such as TLR4, 
TLR7, TLR8, and TLR9 47,62–68 After activation via TLR7 
and TLR9, MyD88 interacts with E3 ubiquitin ligase, 
TRAF6, and IFN regulatory factors, such as IRF5, 
altering gene expression. 69 MyD88 signalling in B cells 
is thought to be essential for T cell-dependent antibody 
responses, mainly due to enhanced production of 
germinal centre-dependent IgGs. 32,70,71

We found previously that Irf5 −/− mice progressed to 
encephalitis with lower titres of neutralising antibodies 
than WT mice after OROV infection. 28 IRF5 is associated 
with B cell maturation via the regulation of Blimp-1 
(PRDM1). 31 However, these protective B cell responses 
seemed to control OROV infection independently of 
T cell activation, as TCRβδ mice were resistant to 
infection and displayed no signs of neurological injury. 
In contrast, Rag1 −/− and μMT mice were vulnerable to 
OROV infection, developing neurological disease with 
microglial activation and high viral loads in the CNS. 
These observations also highlighted the neurotropic na- 
ture of OROV. 40,72–74

Our initial hypothesis to explain how B cells could 
restrict OROV infection via a T cell-independent mech- 
anism implicated the type I IFN response. 26,27,75 However, 
CD19-Cre + Ifnar fl mice were resistant to OROV infec- 
tion. Although OROV can downregulate IFN signalling 
in vitro, 76 the type I IFN response in patients with OROV 
fever is not related to the timing of seroconversion, 77 

whereas in some other infections, IFN signalling in B 
cells is required for the development of antiviral humoral 
immunity. 78 Direct viral infection as a means of B cell 
activation also seemed unlikely, given that B cells mini- 
mally express low-density lipoprotein receptor-related 
protein 1 (LRP1), 79,80 a known entry receptor for

evaluated via flow cytometry as (c) B220 – , (d) B220 int , (e) B220 hi , (f) B220 – CD138 + (plasma cells), (g) B220 hi CD23 – (marginal zone B cells), 
(h) B220 hi CD23 + (follicular B cells), (i) B220 hi CD138 – GL7 + CD38 – (germinal centre B cells), (j) B220 hi CD138 – GL7 – CD38 + (memory B cells), 
(k) B220 hi CD138 int CD38 + (plasmablasts 1), and (l) B220 int CD138 + (plasmablasts 2), alongside total cellularity (m). Statistical differences 
were assessed using the Mann–Whitney test with Bonferroni correction. *p < 0.05, **p < 0.01, ns = not significant. Symbols represent 
individual mice, and bars represent mean ± SEM. Red symbols indicate samples harvested from mice with clinical scores of 2 (at 6 dpi) or
3 (at 14 dpi).

Articles

www.thelancet.com Vol 117 July, 2025 13



C
on

tr
ib

ut
io

ns
 (

%
)

c Contribution of variables to Dim-1

9

tni022
B

gen022
B

 
 

 t sal ba
msal

P
i h22

B
y  r o

me
M

 ral ucill o
F

 yti r al ull e
C

 yti di va 
GgI

 
 

 ytit nauq 
MgI

 ycnet o
P

 yti di va 
MgI

 ht ae
D

6

3

0

D
im

2 
(2

1%
)

a

Dim1 (37.4%)
-5 0 5

FAMD factor map

CD19 - Cre+ MyD88fl

WT

4

2

0

-2

D
im

2 
(2

1%
)

b

Ig
G

 q
ua

nt
ityIgG avidity

Potency

FRNT

Vi
ra

l l
oa

d

Follicular

Memory

Cellularity

B220hi

Germinal centre
Plasmablasts 

B220neg

IgM quantity

IgM avidity

P
lasm

ablasts 1

Quantitative variables

Contribution

6
5

4
3

2
1

B220int

Dim1 (37.4%)

0.5

-0.5

-1.0

Marginal zone

Plasma cells

0.0

1.0

e
IgM quantity 
IgG quantity 

IgM avidity 

Potency 
FRNT 

Viral load 
B220neg 

B220int 
B220hi 

Cellularity 
Plasma cells 

Marginal zone 

Germinal centre 
Follicular 

Memory 

Plasmablast 2 
Genotype 

Death

Plasmablast 1 

D
im

.1
D

im
.2

D
im

.3
D

im
.4

D
im

.5
D

im
.6

D
im

.7
D

im
.8

D
im

.9
D

im
.1

0
D

im
.1

1
D

im
.1

2

D
im

.1
4

D
im

.1
3

D
im

.1
5

D
im

.1
6

D
im

.1
7

D
im

.1
8

D
im

.1
9

D
im

.2
0

0 7.56 15.12 22.68 30.24 37.8 45.36 52.92 60.49 68.05 75.61

IgG avidity 

Contribution of variables to Dim-2

 

20

epytone
G

F
R

N
T ycnet o

P
ytitnauq 

GgI
 t sal ba

msal
P

ytiralulle
C

htae
D

  ralucillo
F

 yr o
me

M
 daol l ari

V
 i h022

B
 ytidiva 

GgI
 

 

ytit nauq 
MgI

yti di va 
MgI

 gen022
B

  tsalba
msal

P
t ni 022

B

15

10

5

0

C
on

tr
ib

ut
io

ns
 (

%
)

d

-8 -7 -6 -5 -4 -3 -2 -1

FRNT 50

R
el

at
iv

e 
in

fe
ct

io
n 

(%
)

100

25

75

50

0

g

0

f

3 9

S
ur

vi
va

l (
%

)

25

75

100

50

0
0 66 12 15 18 21 dpi

Survival

**
**

**
**

ns

ns

WT MZB → CD19 -Cre + MyD88 fl 

CD19 -Cre +  MyD88 fl  MZB → + MyD88 fl 

 WT MZB → Rag1 –/–  

CD19 -Cre +  MyD88 fl  MZB → Rag1 –/–  

FRNT 50  values
Lo

g  10  
 (

re
ve

rs
e 

ax
is

)

**

-6

-5

-4

-3

-2

-1

h

WT MZB → CD19 -Cre + MyD88 fl 

CD19 -Cre +  MyD88 fl  MZB → + MyD88 fl CD19 -Cre CD19 -Cre

-1.0 -0.5 0.0 0.5 1.0 sllec a
msal

P
ert nec l ani

mr e
G

enoz l ani gr a
M

sll ec a
msal

P

ert nec l ani
mr e

G

enoz l ani gr a
M

Log 10  [sera]

Fig. 7: The role of marginal zone B cells during OROV infection. Factor analysis of mixed data (FAMD) using mouse genotypes, IgM and IgG 
quantity, avidity, and neutralisation potency (indices and FRNT 50 values), viral loads in brains, death events, and the cellularity of B cell 
subsets. (a) FAMD factor map showing the categorical variable of genotype for WT mice (n = 8 for noninfected [NI], n = 8 for 6 dpi, and 
n = 10 for 14 dpi) and CD19-Cre + MyD88 fl mice (n = 7 for NI, n = 11 for 6 dpi, and n = 10 for 14 dpi). Colour-coded circles represent individual 
mice, white circles represent group centroids, and crossed circles represent the categorical variables of live (middle) and death events (top). (b) 
Quantitative variables are represented by arrows coloured to indicate relative contribution in each case (key) for WT mice (n = 8 for NI, n = 8 
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contribution. (e) Correlation matrix colour-coded for percent contribution and variables for each dimension for WT mice (n = 8 for NI, n = 8 
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Rag1 −/− mice (red circles, n = 6) and CD19-Cre + MyD88 fl mice (light grey squares, n = 6) after adoptive transfer of WT MZB cells or Rag1 −/− 

mice (blue circles, n = 5) and CD19-Cre + MyD88 fl mice (dark grey circles, n = 5) after adoptive transfer of CD19-Cre + MyD88 fl MZB cells over 21 
days post-infection (dpi) with 10 5 FFU of OROV. Statistical differences were assessed using a log-rank test with Bonferroni correction (f). 
**p < 0.01, ns = not significant (f). Symbols represent death events (f). (g) FRNT analysis of sera from CD19-Cre + MyD88 fl mice at terminal 
harvest after adoptive transfer of WT MZB cells (light grey, n = 6) or CD19-Cre + MyD88 fl MZB cells (dark grey, n = 5) during OROV infection as
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OROV. 81 In contrast, CD19-Cre + MyD88 fl mice suc- 
cumbed to OROV infection, despite the induction of a 
classical inflammatory profile in terms of chemokine 
and cytokine release.
Natural antibodies produced by B1 cells in a T cell- 

independent manner via MyD88 signalling can 
contribute to pathogen-specific immunity. 51,82–88 We 
found that naive WT sera did not protect Rag1 −/− mice 
from OROV challenge, making this scenario unlikely. 
However, these findings were not sufficient to exclude a 
role for natural antibodies in the pathogenesis of 
OROV, given the lack of full serological reconstitution. 
A much clearer protective role has been established 

for neutralising antibodies in the context of several 
primary arboviral infections. For example, antibody 
evasion mechanisms contribute to the pathogenesis of 
Chikungunya virus and Dengue virus, and an early IgM 
response is required to restrict the dissemination of 
West Nile virus into the CNS. 57,89–91 We found that 
passive transfer of neutralising OROV-specific IgM 
produced by WT mice within 6 days of infection could 
protect Rag1 −/− mice from a lethal dose of OROV. Sera 
harvested from WT mice at the peak of the neutralising 
antibody response (day 14 post-infection) also protected 
Rag1 −/− mice when administered up to 3 days after 
OROV challenge. An important implication of these 
findings is that antibody-based therapies would likely 
need to be administered within a narrow time window 
to prevent the development of OROV-mediated neuro- 
logical disease. 92

Although some studies have shown that MyD88 is 
important for pathogen-specific and vaccine-induced 
immunity, 68,78,93–95 relatively little is known about this 
pathway in the context of arboviral infections, including 
OROV. We found that mice lacking MyD88 expression 
in B cells produced lower amounts of neutralising an- 
tibodies than WT mice after OROV infection. These 
serum-derived antibodies also exhibited weaker avidity 
and potency profiles in CD19-Cre + MyD88 fl versus WT 
mice. In line with these findings, passive serum 
transfer from CD19-Cre + MyD88 fl mice failed to protect 
Rag1 −/− mice against OROV challenge. However, some 
CD19-Cre + MyD88 fl mice survived the infection and 
produced higher titres of neutralising antibodies than 
CD19-Cre + MyD88 fl mice that succumbed to the 
infection, potentially reflecting immune pathway 
redundancy, mosaicism, and/or a lack of protein loss in 
the Cre recombinase system. 96–99 Additional studies will 
be required to resolve this discrepancy and dissect the 
role of highly avid neutralising antibodies as mediators 
of immune protection against OROV.

Neurologically sick CD19-Cre + MyD88 fl mice 
exhibited altered B cell subset cellularity after OROV 
infection, indicating a key role for MyD88 in B cell 
development 62,68 and antiviral immunity. T cell- 
independent antigens for B cell responses are classi- 
fied into type I antigens, such as lipopolysaccharide 
(LPS), CpG sites in DNA, and polyinosinic-polycytidylic 
acid (poly I:C), and type II antigens, which are often 
carbohydrate structures. 100,101 The spike glycoproteins of 
bunyaviruses 10 can act as type II antigens in a T cell- 
independent manner. MZB cells are major responders 
to lipid antigens but can also recognise type II antigens 
and blood-borne pathogens, subsequently producing 
large amounts of IgM and/or differentiating into 
plasma cells. 71,101–103 Our immunophenotypic analysis of 
B cell populations showed that MZB cells and PBs 
expanded numerically in WT mice after OROV infec- 
tion. In contrast, B220 int cells and B220 hi cells pre- 
dominated in CD19-Cre + MyD88 fl mice, likely reflecting 
impaired B cell maturation. 104 The relative paucity of 
MZB cells in CD19-Cre + MyD88 fl mice could feasibly 
impact type II antigen responses, 101,102,105,106 such as 
those targeting glycoproteins derived from OROV. 
MZB cells were also described as the primary 
discriminator between WT and CD19-Cre + MyD88 fl 

mice in our FAMD. Of note, IgM + IgD + CD27 + B cell 
numbers are reduced in patients with IRAK4 or MyD88 
deficiency, impairing T cell-independent IgM responses 
to type I antigens from encapsulated bacteria, such as 
Streptococcus pneumoniae. 107

B cell proliferation and plasma cell formation can be 
intrinsically promoted by signals delivered via TLRs, 62 

which are compromised in mice lacking MyD88. In 
line with this paradigm, adoptively transferred MZB 
cells from WT but not CD19-Cre + MyD88 fl mice pro- 
tected CD19-Cre + MyD88 fl and Rag1 −/− mice against 
OROV. PB numbers were also reduced in CD19-Cre + 

MyD88 fl mice, especially those with clinical scores of 2 
or 3, further indicating a link between antibody pro- 
duction and protection against OROV. Moreover, the 
process of somatic mutation that occurs in germinal 
centres to generate high-affinity antibody re- 
sponses 108,109 was likely diminished in neurologically 
sick CD19-Cre + MyD88 fl mice, which harboured fewer 
germinal centre B cells and mounted weaker antibody 
responses compared with WT mice. Genotype-specific 
associations between the antibody response and per- 
turbations among B cell subsets were further confirmed 
via FAMD. These data linked the role of MyD88 sig- 
nalling in B cell differentiation with the quality of the 
antibody response against OROV. 62

in (f). Symbols represent mean ± SEM, and lines represent three-parameter log-logistic regression curves for relative infection per dilution (g). 
(h) FRNT 50 values for individual mice in (g) after adoptive transfer of WT MZB cells (light grey, n = 6) or CD19-Cre + MyD88 fl MZB cells (dark 
grey, n = 5). Statistical differences were assessed using the Mann–Whitney test (h). **p < 0.01. Symbols represent individual mice, and bars 
represent mean ± SEM (h). MZB = marginal zone B.
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It is important to highlight the limitations of our 
study. First, we did not dissect the upstream or down- 
stream mechanisms by which MyD88 regulates anti- 
body secretion, which could inform the precise 
molecular basis of immune protection against OROV. 
Second, we did not investigate the clonal repertoire or 
the transcriptional profile of B cells lacking MyD88, 
which could feasibly distinguish between intrinsic sig- 
nals required for B cell development and the nature of 
the peripheral immune response. Third, we did not use 
inducible systems to modulate developing B cells in 
other strains of mice, and we did not titrate the infec- 
tious dose of OROV, both of which could help refine 
our understanding of specific antibody production. 
Fourth, we did not blind investigators to mouse group 
allocations during experimentation, which could bias 
data collection. Fifth, we did not extend our

investigations to humans or other strains of OROV, 
which are potentially more relevant to public health. 
Sixth, we did not undertake a comprehensive evaluation 
of antigen-specific memory B cells over time, either in 
the periphery or in the bone marrow. These latter in- 
vestigations will be required to understand the main- 
tenance of antibody-mediated immunity, which is 
critical for durable protection against subsequent in- 
fections with OROV.
In summary, our findings delineate a mechanism by 

which the early innate and adaptive immune functions 
of B cells, including MZB cells, operate synergistically 
to restrict the neuropathogenesis of OROV, an 
emerging arthropod-borne virus in Latin America 
(Fig. 8). Our results draw particular attention to the 
importance of the adaptor protein MyD88, which reg- 
ulates B cell differentiation and the production of
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Fig. 8: Interpretation of the study. Early antibody responses produced mainly by MZB cells in a MyD88-dependent manner restrict viral 
replication and spread to the central nervous system, protecting mice from encephalitis and subsequent death after infection with OROV.
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neutralising antibodies during primary infection, 
enabling viral clearance and preventing the disease 
manifestations of OROV. As such, our work could 
inform the development of antibody treatment strate- 
gies and vaccines to attenuate the pathogenesis and 
spread of OROV, which is currently an emerging 
pathogen of global concern.
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