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Abstract

Rift Valley fever virus (RVFV) is a highly pathogenic mosquito-borne virus capable of caus-
ing hepatitis, encephalitis, blindness, hemorrhagic syndrome, and death in humans and live-
stock. Upon aerosol infection with RVFV, the brain is a major site of viral replication and
tissue damage, yet pathogenesis in this organ has been understudied. Here, we investi-
gated the immune response in the brain of RVFV infected mice. In response to infection,
microglia initiated robust transcriptional upregulation of antiviral immune genes, as well as
increased levels of activation markers and cytokine secretion that is dependent on mito-
chondrial antiviral-signaling protein (MAVS) and independent of toll-like receptors 3 and 7.
In vivo, Mavs” mice displayed enhanced susceptibility to RVFV as determined by increased
brain viral burden and higher mortality. Single-cell RNA sequence analysis identified defects
in type | interferon and interferon responsive gene expression within microglia in Mavs™
mice, as well as dysregulated lymphocyte infiltration. The results of this study provide a cru-
cial step towards understanding the precise molecular mechanisms by which RVFV infec-
tion is controlled in the brain and will help inform the development of vaccines and antiviral
therapies that are effective in preventing encephalitis.

Author summary

Rift Valley fever virus causes severe disease in humans and livestock and in some cases
can be fatal. There is concern about the use of Rift Valley fever virus as a bioweapon since
it can be transmitted through the air, and there are no vaccines or antiviral treatments.
Airborne transmission of the virus causes severe inflammation of the brain, yet little is
known about the immune response against the virus in this organ. Here, we investigated
the immune response in the brain to Rift Valley fever virus following intranasal infection.
We determined that microglia, the resident immune cells of the brain, initiate a robust
response to Rift Valley fever virus infection and identified a key immune pathway that is
critical for the ability of microglia to respond to infection. When this immune pathway is
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Introduction

Rift Valley fever virus (RVFV) (genus Phlebovirus/family Phenuviridae), is a highly pathogenic
mosquito-borne virus that can cause lethal disease in both humans and livestock, including
acute-onset hepatitis, delayed-onset encephalitis, blindness, or hemorrhagic fever [1]. RVFV is
endemic to Africa however concern exists about its potential spread across the world, similar
to Zika or West Nile virus (WNV) [1]. Outside of Africa, competent vectors for RVFV include
over 30 species of mosquitoes that are present throughout North and South America [2].
RVEFV is also classified as a Category A Biodefense pathogen by the National Institute of
Allergy and Infectious Diseases (NIAID) due to the potential for intentional spread by aerosol
and the lack of licensed vaccines or antiviral therapeutics. Furthermore, RVFV is classified by
the Department of Health and Human Services (HHS) and United States Department of Agri-
culture (USDA) as an overlap select agent due to the susceptibility of numerous livestock spe-
cies to this disease [3].

In the event of an intentional release, the most likely route of exposure to RVFV would be
through the respiratory system via aerosolized release of the virus. Studies conducted using
rodent models indicate a more severe infection following respiratory versus subcutaneous
exposure, with higher incidence of lethality, neuropathology, and increased viral titers in the
brain [4-7]. Analysis of human infections also suggests that aerosol exposure to RVFV (i.e.,
laboratory acquired infections and infections acquired via handling of infected livestock) leads
to a higher incidence of severe disease with encephalitis and long-lasting neurologic complica-
tions [8,9]. The fatality rate amongst patients with encephalitic manifestations of disease is
~50% [10], which is much higher than the overall fatality rate, estimated to be between 0.5-2%
[11]. Thus, a thorough understanding of RVFV pathogenesis in the brain is required for pre-
paredness to combat the virus’ worst outcomes, including intentional release of the virus.

The term “immune privileged site” was once applied to the brain and interpreted to mean
that few immune defenses were functional in this organ [12]. However, it is now widely
accepted that the brain is highly immunologically active [13]. An emerging body of evidence
indicates that immune responses within the brain are critical for control of an array of neu-
roinvasive viruses [14,15]. In the brain, neurons, and glial cells (e.g., astrocytes, and microglia),
express many of the same pattern recognition receptors (PRRs) expressed by cells in the
periphery and initiate type I interferon (IFN) expression as well as other innate responses
upon viral infection [15,16]. Such early responses in the brain are critical for direct control of
viral replication, as well as for recruitment of adaptive immune cells that participate in viral
clearance [17,18]. Microglia, the resident immune cells of the brain, play a key role in bridging
innate and adaptive immune responses in the brain [19-21], and depletion of microglia
increases susceptibility to multiple viral infections [18,22,23]. Although potent immune
responses are required for viral control in the brain, limiting inflammation presents a unique
immunoregulatory challenge as excessive inflammation can be especially deleterious and pro-
mote neurodegenerative diseases such as Parkinson’s [24] and Alzheimer’s [25] disease. Thus,
investigation of immune responses in the brain presents an opportunity to understand the
interaction of processes that hone the correct response to control viral replication without
inducing excessive damaging inflammation.
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To date, there has been limited investigation of the immune response to RVFV in the brain.
Previous work has indicated that a strong adaptive response involving both CD4 and CD8 T
cells as well as a robust antibody response is required for the prevention of encephalitic disease
[7,26,27] yet there remains a lack of understanding of the response of resident and infiltrating
immune cells in the brain. Furthermore, the PRRs that microglia use to respond to RVFV
infection have not yet been identified. Previous work has demonstrated the critical role of
RIG-I-like receptor (RLR) signaling via mitochondrial antiviral signaling (MAVS) in the type I
IFN response of macrophages and dendritic cells (DCs) to RVFV infection, as well as a protec-
tive role for MAVS following in vivo challenge, with little to no contribution from the RNA-
sensing toll-like receptors (TLRs) [6]. However, differential roles for the RNA-sensing PRRs
during viral infections of the CNS have been identified, most notably for West Nile Virus
(WNV), where TLR3, TLR7, and RLR receptors RIG-I and MDA-5 have been shown to coor-
dinate and propagate a protective response [28-30]. Identifying the relative contributions of
innate signaling pathways to the induction of type I IFNs and subsequent control of viral infec-
tion has important consequences in terms of understanding human susceptibility to RVFV
infection, as polymorphisms in TLR3, TLRY7, their respective downstream signaling adaptors
TRIF and MyD88, as well as RIG-I and MAVS have all been associated with severe disease/
neuropathology in humans [31].

Here, we investigated the immune response in the murine brain to RVFV intranasal infec-
tion. We demonstrate that microglia mount a robust response that is dependent on MAVS
and independent of TLR3 and TLR7. MAVS is critical for the expression of immunoregulatory
genes, secretion of cytokines, and upregulation of surface markers of activation. Mavs” mice
are more susceptible to infection, with higher viral titers in the brain following intranasal chal-
lenge. RNA sequence (RNA-seq) analysis of whole brain tissue revealed robust immune gene
expression with greater induction of inflammatory genes in the brains of Mavs” versus wild
type (WT) mice. Single cell RNA-sequence (scRNA-seq) analysis revealed defects in specific
antiviral genes and signaling pathways within microglia in the brains of RVFV infected Mavs”"
mice. The lack of MAVS resulted in a shift towards a more inflammatory phenotype, with a
decrease in antiviral signaling pathways and an increase in proinflammatory pathways within
Mavs” microglia. Differences in immune infiltration into the brain were also observed
between WT and Mavs”" mice. These results are an important step towards understanding the
cell types and molecular pathways responsible for controlling RVFV infection in the brain and
towards future developments of antiviral treatments.

Results

RVFV infection induces a robust response in microglia that is dependent
upon MAVS and independent of TLR3 and TLR7

To determine if microglia respond to RVFV infection directly via cell intrinsic mechanisms,
we first confirmed infection of microglia cell lines EOC 13.31 and SIM A9, as well as primary
microglia derived from the brains of neonatal mice via flow cytometry using a RVFV-specific
antibody (Fig 1A and 1B). Vero cells were also included as a positive control for infection.
EOC 13.31 cells had the lowest infectivity rate ranging from 30-40% positive cells, while pri-
mary microglia displayed infectivity rates (50-70%) similar to SIM A9 cells (60-70%) but
slightly less than the Vero positive control (90%) (Fig 1B). Both the fully virulent (ZH501) and
attenuated (MP-12) strains of RVFV yielded similar levels of infected primary microglia (Fig
1C). Next, we probed the response of primary microglia to both the MP-12 and ZH501 strains
by quantifying changes in expression of genes involved in antiviral immune responses using
real-time reverse transcription (RT?) PCR array (Fig 1D and 1E and S1 Table). There was a
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Fig 1. RVFV infects microglia. Microglia cell lines EOC 13.31 and SIM A9 and primary microglia derived from the brains of neonatal mice, along with Vero
positive control cells, were infected with RVFV MP-12. The percentage of cells positive for RVFV was assessed by flow cytometry. Representative plots of Vero
cell infection analysis (A). RVFV infection rate for all cell types (B). Primary microglia derived from wildtype (WT) mice were infected with RVFV MP-12 or
ZH501 and the percentage of cells positive for RVFV was assessed by flow cytometry (C). The relative expression of 40 antiviral response genes with the highest
fold change in infected versus uninfected cells (D). Data in (B-C) are shown as the mean +/- SD. Data in (D) and (E) are shown as the mean log, fold change in
infected versus uninfected cells +/- SEM. *denotes significant changes in gene expression beyond 95% CI between uninfected vs infected cells.

https://doi.org/10.1371/journal.ppat.1010231.9001

significant response to both viruses with similar patterns of gene expression changes, although
the overall magnitude of the response was greater in microglia infected with the attenuated
versus the fully virulent strain, consistent with prior reports [32]. 40 significantly upregulated
antiviral response genes were observed upon MP-12 microglial infection, whereas 25 of these
genes were significantly upregulated in ZH501 infected microglia. The response to MP-12 was
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robust, with very high levels of Ifnb1 expression (greater than 6,000-fold upregulation) and
greater than 10-fold upregulation of over 20 genes, including Ifna2, Ifih1, Isgl5, Cxcl10, Il6,
and I112b, among others. Notably, significant Ifnb1 and Ifna2 induction was observed in
ZH501 infected microglia, albeit to lower levels than MP-12 infected microglia.

Next, microglia derived from W, TIr3”", Tlr7”, or Mavs” mice were infected with MP-
12, and a similar infectivity rate was confirmed amongst all groups, therefore was independent
of genotype (S1A Fig). Microglia derived from TLR3 or TLR7 deficient animals activated
immune genes in response to RVFV at levels similar to WT microglia (Fig 2A and 2B and S1
Table). Out of the 40 most differentially expressed genes, only 2 displayed significant differ-
ences in expression between WT and TIr3”", and 9 genes had significant differences in expres-
sion between WT and Tlr7”". In contrast, microglia derived from Mavs”~ mice displayed an
abrogated response to infection, with minimal changes in gene expression in most genes in the
array and a greater than 4,000-fold reduction in Ifnbl expression versus WT infected microglia
(Fig 2C and S1 Table). 31 of the 40 top differentially expressed genes displayed significant dif-
ferences in expression between WT and Mavs™". To confirm that differences in gene expres-
sion observed between WT and Mavs”~ microglia were not due to differences in the level of
infection, RVFV genomic RNA was quantified, and comparable levels were detected in micro-
glia of both genotypes (S1B Fig). Comparable growth of the virus within microglia of both
genotypes was further confirmed by the quantification of viral titer within supernatants col-
lected from WT and Mavs”™ microglia (S1C Fig).

We further characterized the role of MAVS in the response of microglia to RVFV infection
in vitro by assessing expression of microglial activation markers as well as cytokine secretion
(Fig 3). Microglia upregulated surface expression of CD86, CD80, and I-A/I-E in a MAVS-
dependent manner (Fig 3A). Using RVFV antibody staining, cells within infected cultures
could be identified as infected (RVFV™) or uninfected (RVFV"). Expression was upregulated
not only on infected microglia (RVFV™), but also on uninfected cells within the culture
(RVFV"), suggesting secreted cytokines can influence the activation state of cells in trans.
Within WT microglia, expression of each marker was highest on infected cells, with an inter-
mediate level of expression seen on cells activated in trans. On Mavs”~ microglia, apart from a
low level of CD80 on infected cells, no significant upregulation of activation markers was
observed. In contrast, upregulation of activation markers was unaltered from WT on TIr3”"
and Tlr7”" microglia (S2 Fig).

Cytokine secretion by infected microglia was also dependent on MAVS (Fig 3B). High lev-
els of type I IFNs were detected in supernatants from WT infected cells, as well the inflamma-
tory cytokines IL-6 and TNF-c, and chemokines CCL5, CXCL10, CXCL11, and CCL2.
Cytokine levels in supernatants from MAVS-deficient cells were not detectable or not signifi-
cantly different from uninfected supernatants. Taken together, these data demonstrate that
microglia have a robust response to RVFV infection that is mediated primarily through the
RLR signaling adaptor MAVS.

Mavs”™ animals have a dysregulated immune response with increased
susceptibility to infection

We then investigated the role of MAVS in the immune response in the brain during in vivo
challenge with RVFV (Fig 4). Intranasal challenge of WT and Mavs”~ cohorts of mice (n = 20)
with the ZH501 strain of RVFV confirmed enhanced susceptibility to infection of Mavs”
mice, consistent with prior reports [6]. Mavs”™ mice succumbed to challenge significantly
faster, with 100% of Mavs”™ mice deceased by 6 days post-infection, whereas 20% of WT ani-
mals were still alive 10 days post-infection (Fig 4A).
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Fig 2. Microglial response to RVFV infection is dependent upon MAVS and independent of TLR7 and TLR3. Primary microglia derived from WT or
Tlr3”" (A), Tlr7”" (B) or Mavs”™ (C) mice were infected with RVFV MP-12. The relative expression of 40 antiviral response genes with the highest fold change
in WT cells are shown as the mean log, fold change in infected versus uninfected cells, +/- SD. *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001.

https://doi.org/10.1371/journal.ppat.1010231.9002

To facilitate the assessment of antiviral responses by multiple cellular and molecular modal-
ities, we utilized the MP-12 strain for further analysis, which can be handled at biosafety level 2
containment. Previous work has utilized the MP-12 strain in a C57BL/6 mouse model of intra-
nasal infection to investigate RVFV pathogenesis and found that while WT mice did not have
detectable viremia over the course of the evaluation period (0-8 days post-infection), 50% of
animals succumbed to lethal infection between days 8-14 post-infection [6]. Therefore, WT
animals are susceptible to infection and thus should be expected to have measurable immune
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Fig 3. Microglia respond to RVFV infection in vitro by cytokine secretion and upregulation of activation markers. Microglia derived from WT or Mavs”"
mice were infected with RVFV MP-12 and at 18-24 h post-infection, cells and cellular supernatants were harvested for flow cytometry and multiplex cytokine
analysis, respectively. The expression levels of the indicated activation markers were assessed on uninfected cells (black bars), uninfected cells in culture with
infected cells (uninf (w/ inf), gray bars), and infected cells (inf, white bars) and shown as the mean fluorescence intensity of the indicated activation markers

(A). Cytokine levels in cellular supernatants (B). Data are shown as the mean +/- SD, nd = not detected and was denoted as zero *p <0.05, **p<0.01,
***p<0.001, ****p<0.0001.

https://doi.org/10.1371/journal.ppat.1010231.9003

responses. Viral titers in the brain were not assessed as part of this study, therefore we con-
ducted a longitudinal study over 4 days where brains of infected WT mice were examined ex
vivo to identify live virus derived from brain tissue following intranasal challenge (S3 Fig). Day
7 post-infection was the earliest timepoint live virus could be detected in infected WT brains,

thus day 7 was selected as the time point for all further analyses, as we were interested in cap-
turing early innate antiviral responses.
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Fig 4. Mavs” mice are more susceptible to intranasal RVFV infection and display increased viral burden and
immune gene expression in the brain. WT or Mavs”~ mice were infected intranasally with 1000 PFU RVFV ZH501
(A), or 5x10° PFU RVFV MP-12 (B-E). Morbidity and mortality were assessed daily, and percent survival is depicted
in (A). On day 7 post-infection (B-E), brains were processed for viral quantitation and RNA extraction. Viral
quantitation by PFU (B) and genomic RNA (C). Genes differentially expressed between uninfected and infected brains
(D). Functional enrichment of differentially expressed genes (E). Ontologies that were enriched in both WT and
Mavs”" infected brains are highlighted in purple. Pathways enriched only in Mavs” or WT infected brains are
highlighted in red and blue, respectively. Heatmap of IFN o/f signaling genes (F). *p<0.05, ***p<0.001.

https://doi.org/10.1371/journal.ppat.1010231.9004

Next, we compared disease progression between WT and Mavs”™ mice. Little to no clinical
signs of infection were observed in WT mice by day 7, with 11 of 12 mice displaying normal
behavior and healthy appearance. One WT mouse displayed neurological signs of disease
(cage circling). Mavs”" mice, in contrast, uniformly displayed signs of illness with decreased
signs of activity and 4 of 12 mice displaying neurological signs of disease (head tilt or cage cir-
cling). One Mavs”™ mouse required euthanizing on day 6 due to moribund appearance. We
next assessed viral titers in the brain and were able to detect live virus in 100% of Mavs”~
(n=11), but only in 42% of WT (n = 12) infected brains. Within brains with detectable virus,
titers (Fig 4B) as well as the levels of RVFV genomic RNA (Fig 4C) were significantly higher in
Mavs”" than in WT mice.

To assess the antiviral response, we utilized RNA-seq to profile the transcriptomic alter-
ations induced by RVFV infection in the brains of WT and Mavs”™ mice. Infection resulted in
significant upregulation of 1,069 genes in the brains of WT mice and 1,116 genes in the brains
of Mavs”™ mice where 600 upregulated genes were in common to both WT and Mavs™" (Fig
4D and S2 Table). Downregulation of genes in response to infection displayed less overlap
between WT and Mavs™”, with 977 downregulated in WT, 729 downregulated in Mavs”", and
only 165 downregulated genes common to both genotypes (Fig 4D). Functional enrichment of
differentially expressed genes revealed strong correlation of pathways related to innate
immune and defense responses in both WT and Mavs™” brains, including response to other
organism (GO:0051707), innate immune response (GO:0045087), response to cytokine
(G0:0034097), and cytokine production (GO:0001816) (Fig 4E).

To identify deficiencies in the antiviral response within Mavs”” brains that would indicate
the effector functions downstream of MAVS signaling that control viral replication, we
focused on pathways that were enriched in WT and unaffected in Mavs”" infected brains.
Interestingly, only two pathways were enriched in WT and not Mavs™" yet neither are involved
in immune responses nor indicate any functional advantage WT animals have at controlling
viral replication (Fig 4E). Mavs” brains had more exclusively enriched pathways, including
regulation of cytokine production (GO:0001817) and inflammatory response (GO:0006954),
indicating that the overall levels of inflammation were higher in Mavs”" brains than in WT.
This is consistent with previous reports that indicated a more robust serum cytokine response
in Mavs”” than WT mice infected with RVFV [6].

IFN o/ gene expression levels were elevated in WT infected brains, whereas induction was
not seen in Mavs”” brains (Fig 4F). However, upregulation of genes downstream of type I
interferons was observed to a similar extent in the brains of WT and Mavs™" infected mice.
Thus, while a deficiency in type I interferons is noted in Mavs” brains, examination of down-
stream signaling does not reveal potential deficiencies in antiviral response genes. In total, the
data demonstrate that RVFV infection results in robust activation of immune and inflamma-
tory genes in both WT and Mavs”" brains with very similar patterns of gene upregulation in
both.
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Single cell RNA sequencing reveals changes in immune infiltration and
signaling defects in microglia following RVFV infection of Mavs”’™ mice

Next, we performed scRNA-seq to increase the resolution of transcriptional analysis and assess
cellular variations resulting from the absence of MAVS during RVFV infection of the brain.
Single cell suspensions were generated from whole brain tissue of WT and Mavs”™ mice, with
(WT+, Mavs” +) and without (WT-, Mavs” =) RVFV infection. The following cell numbers
were sequenced from a single mouse (male) for each condition: WT-: 1,989, Mavs”—: 1,749,
WT+: 1627, Mavs” —: 1841, for a total of 7,206 cells. Unsupervised clustering of the data
resulted in 12 cell type clusters (Fig 5A). By cross-referencing genes differentially expressed in
each cluster to previously published cell-type specific markers [33-36], we assigned each clus-
ter to its putative cell-type identity (S4A Fig). We identified expected cell clusters such as neu-
rons, astrocytes, oligodendrocytes, and endothelial cells. Three clusters of immune cells were
identified, corresponding to microglia/myeloid cells, T/natural killer (NK) cells, and neutro-
phils. We observed a large shift in the relative frequency of immune cells upon infection, indi-
cating massive immune infiltration in the brains of infected animals (Fig 5B and 5C).
Sequenced cells from uninfected brains were comprised of 70-80% non-immune cells (clusters
1,2,4-9, and 11), with immune cells (clusters 0, 3, and 10) comprising less than 30%. In con-
trast, sequenced cells from infected brains were comprised of 30-40% non-immune and more
than 60% immune cells (Fig 5B and 5D). Interestingly, the pattern of immune infiltration dif-
fered between WT and Mavs™" infected brains. WT animals exhibited infiltration of mostly
myeloid lineage cells, whereas Mavs” animals exhibited infiltration of lymphocyte populations
in addition to myeloid lineage cells (Fig 5D). This pattern of immune infiltration, with a sub-
stantial number of myeloid cells in both genotypes and a larger number of lymphocytes in
Mavs”" versus WT, was confirmed in a second set of infected brains analyzed by scRNA-seq
isolated from female mice (S4B Fig).

Immune infiltration was also confirmed using flow cytometry (Fig 5E-5G) and was consis-
tent with scRNA-seq ratios. Lymphocytes and non-glial cells of myeloid lineage comprised a
very small fraction of immune cells within uninfected brains, ranging from 0.5-4% and 1-6%
of brain immune cells, respectively (Fig 5F and 5G). In contrast, the percentage of non-glial
myeloid cells increased to 10-25% of brain immune cells in both WT and Mavs™" infected
mice (Fig 5F). Lymphocytes also increased in the brains of both WT and Mavs™" infected mice,
however significantly more lymphocytes were observed in the brains of Mavs”" mice (Fig 5G),
with lymphocytes comprising 5-15% of brain immune cells in WT mice and 15-30% of brain
immune cells in Mavs”™ mice.

Analysis of IFN o/ and downstream signaling gene expression within individual cell clus-
ters revealed that type I IFN (Ifnb1 and Ifna2) were primarily expressed by microglia/myeloid
cells (cluster 0), astrocytes (cluster 1), and oligodendrocytes (cluster 7) (Fig 5D). While limited
expression of IFN response genes was observed within T/NK cells (cluster 3) and endothelial
cells (cluster 8), most expression was observed within microglia/myeloid cells (cluster 0).
Although neutrophils (cluster 10) also expressed IFN response genes, neutrophils only consti-
tuted a small fraction of cells in infected brains (Fig 5A). Little to no gene expression was
observed in neuronal cell clusters 4, 5, and 11.

Clustering of microglia/myeloid cells (cluster 0, Fig 5A) identified 6 subclusters of myeloid
cells (Fig 6A). Enumeration of cells according to condition suggested that most immune cells
present in uninfected brains were microglia, whereas infected brains contained cells of multi-
ple infiltrating lineages including monocytes, antigen presenting cells (APCs), and granulo-
cytic cells (Fig 6B and 6D). The distribution of myeloid lineage cells in uninfected brains
confirmed the flow cytometry data in Fig 5E and is consistent with previously published
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Fig 5. Single cell RNA sequencing reveals shifts in cell populations and immune infiltration in the brain following RVFV infection. UMAP plots
depicting cell clusters derived from WT and Mavs”” brains, +/- RVEV infection. Cell types (A) or conditions (B) are color coded. The distribution of cell
types within brains of each condition (C). A heatmap of IFN o/ signaling genes across cell clusters (defined in (A)) is shown in (D). IfnbI and Ifna2 are
highlighted in green. Flow cytometry: Representative plots of CD11b vs CD45 and the gates defining microglia, lymphocytes, and myeloid cells are
shown for uninfected (left panels) and infected brains (right panels) isolated from WT (top panels) and Mavs”" (bottom panels) mice (E). The percent
myeloid cells (CD1 16" CD45M), and lymphocytes (CD11b CD45™) (F) and (G), respectively. Data in (F) and (G) are shown as the mean +/- SD.
*p<0.05, ***p<0.001, ****p<0.0001.

https://doi.org/10.1371/journal.ppat.1010231.9005

reports [37] which indicate that microglia are the predominant immune cell type in the brain
under non-pathological conditions. The relative frequency of macrophages (cluster 4) was
consistent across conditions and likely corresponds to resident non-parenchymal macro-
phages [38], rather than an infiltrated population. Infected brains of both genotypes demon-
strated similar patterns of monocyte, APC, and granulocytic cell infiltration (clusters 2, 3, and
5, respectively). Overall, the distribution of myeloid cells was similar between infected brains
of both genotypes.

Next, we examined transcriptional differences in the antiviral responses of microglia
derived from WT and Mavs™" infected brains. Differences in Ifnb1 and Ifna2 expression were
noted in a subset of microglia in WT infected brains whereas levels were undetectable in micro-
glia from Mavs”" infected and uninfected brains of both genotypes (Fig 6E). Similarly, expres-
sion of Ifnb1 and Ifna2 were also dependent upon MAVS in astrocytes and oligodendrocytes
(S4C and S4D Fig, respectively). Gene ontological analysis revealed specific enrichment of path-
ways involved in antiviral responses including response to virus (GO:009615), negative regula-
tion of viral genome replication (GO:0045071), antigen processing and presentation
(GO:0019882), and response to type I interferon (GO:0034340) within WT infected microglia
(Fig 6F). In contrast, inflammatory pathways such as response to interleukin-1 (GO:007055)
and positive regulation of interleukin-6 production (GO:0032755), as well as pathways involved
in cell migration such as regulation of chemokine production (GO:0032642) and positive regu-
lation of cell adhesion (GO:0045785) were enriched in Mavs”” microglia (Fig 6G). Specific IFN-
stimulated genes (ISGs) were expressed at higher levels within WT microglia, including Irf7,
Isg20, Isgl5, Oasll, Ifitl, Ifit3, Ifi2712a, and Bst2 (Fig 6H). Genes that have been previously asso-
ciated with a pro-inflammatory state [39-41] were expressed at higher levels within Mavs”"
microglia, including Irfl, Irf8, Il1b, and Nos2 (Fig 6H). A similar pattern of increased IFN-stim-
ulation was also observed within WT female infected brains relative to Mavs” (S4E Fig).

Flow cytometric analysis revealed further defects in Mavs”™ microglia. In line with increased
viral titers in the brains of Mavs” animals (Fig 4B), microglia from Mavs” animals displayed
dramatically higher levels of infection as evidenced by anti-RVFV antibody staining, ranging
from 0.5-9% in W' brains to 15-50% in Mavs” brains (Fig 6I). We also evaluated the surface
expression levels of activation markers; expression of CD86 mirrored in vitro results, with WT
microglia that are RVFV™ expressing the highest levels of CD86, and microglia from infected
brains that are RVFV expressing an intermediate level of CD86, although not significantly dif-
ferent from microglia from uninfected brains (Fig 6]). There was no significant upregulation
of CD86 on microglia from Mavs”” brains. Expression of I-A/I-E was also elevated on RVEV*
microglia, although not on RVFV™ microglia, from WT infected brains (Fig 6K). In contrast to
in vitro results, upregulation of I-A/I-E was detected on microglia derived from Mavs”" brains
(Fig 6K). No significant upregulation of CD80 was detected (S5 Fig).

Lymphocyte infiltration and signaling defects in the brains of Mavs” mice

The majority of lymphocytes identified within WT infected brains were NK cells, whereas
those in Mavs” infected brains included a high abundance of T cells in addition to NK cells
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Fig 6. Microglia from Mavs”" brains have defective response to RVFV infection. UMAP plots depicting cell clusters of myeloid lineage cells derived from
WT and Mavs”” brains, +/- RVFV infection. Cell types (A) or conditions (B) are color coded. Gene markers for specific cell types (C). The distribution of
myeloid lineage cell types within brains of each condition (D). Expression of type I IFNs within microglia (clusters 0 and 1) (E). Gene ontology (GO)
enrichment analysis showing pathways enriched in WT vs Mavs”", or Mavs” vs WT microglia (clusters 0 and 1) from infected brains are shown in (F) and (G),
respectively. Violin plots depicting the relative expression of selected genes within microglia (clusters 0 and 1) are shown in (H). Flow cytometry: microglia
were defined as CD11b™ CD45™ as described in Fig 5, and the percentage of RVEV* microglia are shown in (I). Mean fluorescence intensities (MFI) of CD86
and I-A/I-E expression on microglia (J) and (K), respectively. Data in (I-K) are shown as the mean +/- SD. **p<0.01, ***p<0.001, ****p<0.0001.

https://doi.org/10.1371/journal.ppat.1010231.9006

(Fig 7A-7D). Lymphocytes comprised greater than 30% of the total sequenced cells in the
Mavs” infected condition (Figs 5D and 7D and S4B). There was also a larger subset of prolifer-
ating lymphocytes in Mavs” infected brains versus WT (Fig 7D). Upon examining genes that
were differentially expressed between WT and Mavs” lymphocytes, we observed defects in
ISG expression (Irf7, Ifi44, Xcl1), as well as genes involved in T and NK cell-mediated killing
(Prfl, Gzmb, Ifng) [42] within lymphocytes from Mavs™ infected animals (Fig 7E), suggesting
that Mavs”" cells are less efficient in clearing the virus than WT cells [43-45]. A similar pattern
of gene expression was also observed within lymphocytes isolated from female infected brains
(S4F Fig). Consistent with this, we observed reduced expression of Il15, I118, and II27, cyto-
kines that have a stimulatory effect on T and NK cells [46-49], in microglia from infected
Mavs”" mice (S6 Fig). Lower levels of IFN-y protein were also detected in the brains of Mavs””
versus WT infected mice (Fig 7G). Taken together, these results suggest that a defective
response of Mavs”~ microglia may lead to the reduced capacity of T and NK cells to control
RVFYV infection.

Discussion

Despite the major role of pathogenesis in the brain for the most severe outcomes of RVFV
infection, there has been little investigation of local antiviral immune responses within this
organ. Here, we investigated the innate immune response in the brain to RVFV in a mouse
model of intranasal infection. We demonstrated that microglia mount a robust response to
RVFV that is dependent on MAVS and independent of TLR3 and TLR7. To probe viral patho-
genesis in the brain in the presence and absence of a functional innate immune response, we
profiled the brains of WT and Mavs”~ animals following intranasal infection with RVFV.
Mavs”" animals succumbed to infection more rapidly with significantly higher viral titers in
the brain. Viral presence in the brain corresponded with massive immune infiltration in both
WT and Mavs”~ mice, consisting mostly of myeloid lineage cells as well as some lymphocytes,
with significantly more T and NK cells in the brains of Mavs” animals. Robust immune gene
expression was observed in the brains of both WT and Mavs”" infected animals, with greater
inflammatory gene expression within Mavs™ brains. Deficiencies in type I IFN expression
were noted within whole brain tissue as well as specifically within microglia in Mavs”" infected
animals. Furthermore, microglia from Mavs”" animals displayed deficiencies in downstream
antiviral signaling pathways and ISG expression. T and NK cells from Mavs”" animals were
also deficient in ISG expression, genes related to killing functions, and Ifng expression result-
ing in lower levels of IFN-y protein.

Previous studies using mouse models of infection suggest that failure to establish a robust
peripheral immune response to RVFV infection allows for viral spread to the brain, and expo-
sure via the respiratory route increases the likelihood of bypassing such a protective response
[4,5,26,27,50]. Thus, the primary function of a protective response is to prevent the virus from
reaching the brain; however, a recent study using a rat model of infection provided additional
insight into the role of immune responses within the brain. Albe et. al [7] observed that rats
infected subcutaneously with RVFV had detectable viral RNA in the brain as early as one day
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post-infection despite lacking overt signs of disease. Furthermore, T cell infiltration into the
brain was associated with survival, suggesting that functional T cell responses are capable of
clearing infection and promoting recovery. Rats exposed to aerosolized RVFV did not display
T cell infiltration in the brain and ultimately succumbed to infection. This study is consistent
with the hypothesis that the lack of a robust peripheral immune response leads to increased
pathogenesis within the brain, however it suggests that extension of peripheral responses to
the brain is critical for the resolution of RVFV infection. Work presented in this study support
the critical role of innate immune responses to RVFV within the brain and additional charac-
terization of the recruitment and orchestration of this protective response warrants further
investigation.

Evaluation of RVFV pathogenesis in the brain has been complicated by variance in disease
manifestation depending on virus strain, animal model, and route of infection. Moreover, the
requirement for high containment of fully virulent strains can limit the types of analyses per-
formed. Here, we demonstrate that a subset of WT C57BL/6 mice infected intranasally with
RVFV MP-12 develop neuroinvasive disease, evidenced by recovery of live virus, inflamma-
tory gene expression, and immune cell infiltration within the brain. In addition, our study
includes comparison of gene expression changes within microglia infected with MP-12 and
ZH501. Microglia have a less robust response to ZH501 relative to MP-12, although still
induced significant expression of various immune genes including Ifnb1, Ifna2, Cxcl10, and
Il6, among others. This is consistent with prior reports that WT RVFV induces a more attenu-
ated immune response [32], which contributes to its virulence. Future work is necessary to
compare our in vivo results obtained with MP-12 to an infection model that utilizes fully viru-
lent RVFV. Previous work comparing gene expression in vitro within rodent microglia of dif-
ferent ages demonstrated that microglia acquired a more reactive phenotype over time, with
higher levels of “sensome” and inflammatory genes [51-53]. This could suggest that microglia
in the brains of adult mice may be more primed to react to viral infection in vivo than the neo-
natal microglia used for in vitro studies and furthermore, microglia in vivo may respond more
robustly to ZH501 infection than is suggested by our in vitro data.

Our results indicate that RVFV readily infects microglia, which then primarily utilize the
RLR pathway via the signaling adaptor MAVS to detect and respond to RVFV infection, with
microglia derived from Mavs”" animals displaying diminished type I IFN and IFN-responsive
gene expression and reduced capacity to upregulate surface markers of activation or secrete
cytokines. While we did not determine the role of RLR sensors RIG-I and MDAS5 in the recog-
nition of RVFV by microglia upstream of MAVS, previous work has indicated a role for both
receptors in the response of DCs to RVFV [6], with RIG-I playing a greater role than MDA5.
Further work is needed to define which of these receptors are most critical in the response to
RVFV by microglia. In vitro, microglia derived from Mavs”" animals displayed abrogated anti-
viral responses including diminished type I IFN and IFN-responsive gene expression and
diminished capacity to upregulate surface markers of activation or secrete cytokines. Our in
vitro data suggest that TLR3 and 7 play little to no role in the response of microglia to RVFV
infection; however, we cannot rule out a role for these receptors in the response of other cells
of the brain. Interestingly, while only 2 genes demonstrated significantly different expression
between WT and TIr3” microglia, 9 genes were significantly different between WT and Tlr7”"
microglia, with both IfubI and Ifna2 expression significantly decreased in Tlr7”" cells. More-
over, a small amount of Ifnb1 induction (2.6-fold) was observed within Mavs”~ microglia.
Although speculative, these data may suggest that while MAVS clearly plays a dominant role
in the response of microglia to RVFV infection, TLR7 may also be involved. Further in vivo
studies are necessary to define any role for TLR7 or TLR3 in RVFV pathogenesis of the brain.
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The centrality of MAVS in the response of microglia to RVFV in vitro is clear, with equiva-
lent levels of viral infection inducing an extremely attenuated response in MAVS-deficient
cells. The assessment of the in vivo response is complicated by the differences in viral burden,
with higher levels of viral antigen in Mavs”" animals undoubtedly contributing to greater
inflammatory signaling and cellular infiltration. scRNA-seq analysis provides increased resolu-
tion on the in vivo response, enabling assessment of MAVS-specific defects in type I IFN pro-
duction by microglia, astrocytes, and oligodendrocytes, and in IFN-responsive gene
expression by microglia/myeloid cells that was not evident in the bulk RNA sequencing analy-
sis. Pathways that were enriched in WT microglia versus Mavs”" included response to virus
and negative regulation of viral genome replication, indicating that WT microglia have a
greater capacity to control viral infection. Specific ISGs with demonstrated antiviral activity
were elevated including IfitI and Ifit3, both of which have previously been shown to bind
RVEFV genomic RNA and have inhibitory activity on viral growth [54]. Further investigation is
required to determine if these ISGs have anti-RVFV activity in microglia. Other ISGs that
were among the 20 most upregulated genes in WT microglia include master regulatory genes
Irf7 and Isgl5, broad spectrum exonucluease Isg20, Ifi2712a, which has been shown to have
antiviral activity against WNV [55], and OaslI, which can regulate Irf/ expression [56].

Using flow cytometry, we demonstrated that WT microglia upregulate CD86 and I-A/I-E
on the cell surface in response to RVFV infection. Upregulation of surface markers was
restricted to microglia that were RVFV™, which were of relatively low abundance in WT
brains. Separating microglia from infected brains into RVFV™" and RVFV™ populations was
restricted to antibody staining and was not possible using scRNA-seq due to the sequencing
technology being unable to capture RVFV genomic RNA. While we cannot ascertain which
sequenced microglia were infected or uninfected, it can be inferred that the changes in gene
expression observed within WT microglia were induced largely in trans in response to secreted
factors from neighboring cells due to the low levels of infection detected by antibody staining.
Adaptation of the sequencing technology to allow capture of the RVFV genome would provide
further resolution on the issue of differential cellular tropism within the brain, which has not
been thoroughly investigated for RVFV. Previous work has provided ultrastructural evidence
for infection of neurons, as well as “neuroglial” cells, based on morphology [50,57]. Notably,
neurons were found to harbor large numbers of viral particles. Our work indicated that the
primary producers of type I IFN were astrocytes, oligodendrocytes, and microglia. Further
work is necessary to characterize whether direct infection of these cell types is necessary for
IFN induction, and also to investigate a role for the subversion of IFN responses specifically
within neurons in RVFV-infected brains.

Microglia from Mavs”" brains displayed much higher levels of infection, ranging from 15-
50% of the total microglia. Mavs” microglia upregulated genes enriched in inflammatory pro-
cesses such as response to interleukin-1 and positive regulation of interleukin-6. Mavs”~
microglia upregulated surface expression of I-A/I-E, on both RVFV" and RVFV™ microglia in
vivo. Antigen processing and presentation was observed transcriptionally only within WT
microglia, therefore the functional significance of I-A/I-E expression is unclear. Interestingly,
Irfl1, Irf8, and I11b were amongst the genes most upregulated in Mavs” microglia versus WT.
Previous studies utilizing a mouse model of nerve injury indicated increased I/1b expression
by microglia that was dependent on IrfI and Irf8 expression [39,40]. These studies in conjunc-
tion with our present study suggest that different types of pathological insults can activate a
common inflammatory state in microglia and failure to establish an appropriate antiviral
response may dispose the microglia to remain in a proinflammatory state.

The lack of MAVS also resulted in dysregulated cellular infiltration into the brain. Myeloid
and lymphoid lineage cells are recruited into the brains of both WT and Mavs™” infected mice,
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and while the numbers and subtype distribution of infiltrating myeloid cells are similar, the
lymphocytes very greatly between the two genotypes. Brain infiltrating lymphocytes consisted
of T and NK cells in both WT and Mavs”~ animals however more NK than T cells were
observed in WT. The impact of either cell type, both in terms of controlling infection or exac-
erbating disease, is unclear. Furthermore, the T and NK cells in the brains of Mavs”™ mice
appear to be functionally deficient due to decreased expression of ISGs and genes related to
killing functions. The role of NK cells in controlling RVFV infection has not been investigated,
and our data indicating elevated expression of ISGs and genes related to killing functions sug-
gest they may play an active role in controlling infection within the brain. Excessive numbers
of T cells are likely recruited to the brains of Mavs” mice due to the increased presence of viral
antigen, but may be functionally deficient and therefore less able to control viral replication.
This is in line with previous studies investigating the role of MAVS in WNV infection which
demonstrated increased infiltration of T cells with lower functional avidity into the brains of
Mavs”” mice [30,58]. Moreover, their presence may be contributing to the overall inflamma-
tory environment in the brains of Mavs”~ mice and thus exacerbating disease [59]. Interest-
ingly, we observed increased expression of /15, 1118, and 1127, which have been shown to
activate T and NK cells [46-49], in WT microglia and other myeloid cells. Secretion of these
cytokines may be one mechanism by which microglia regulate the cytotoxic activity of lym-
phocytes, and lack of expression in Mavs”™ microglia could be playing a role in the defective
lymphocyte responses observed in these animals. Future studies will explore the relationship
between secreted factors from microglia and the induction of protective T and NK cell
responses, as well as the role of infiltrating myeloid cells, during RVFV infection of the brain.
Taken together, previous studies and our present study indicate that RLR signaling through
MAVS is required not only to control viral replication early but is also necessary to induce a
fully functional adaptive response.

In summary, this present work provides a better understanding of the immune response in
the brain to RVFV infection. Furthermore, it defines a protective role for MAVS in propagat-
ing antiviral responses in the brain and suggest that signaling through MAVS may also be
required for functional T and NK cell responses in the brain. Better understanding of the
immune responses that are active against RVFV in the brain may contribute to therapeutics
that effectively harness or augment these responses and lead to treatments for encephalitic
disease.

Materials and methods
Ethics statement

All animal work was approved by the Lawrence Livermore National Laboratory Institutional
Animal Care and Use Committee under protocol #256. All animals were housed in an Associa-
tion for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited
facility.

Cells and viruses

Vero, EOC 13.31, SIM A9, and LADMAC cells were obtained from the American Type Cul-
ture Collection (ATCC). Cell lines were maintained in the following culture media: Vero: Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS).
EOC 13.31: DMEM supplemented with 10% FBS and 20% LADMAC conditioned media to
provide a source of CSF-1 to support microglial growth [60]. SIM-A9: DMEM:F12 supple-
mented with 10% FBS and 5% horse serum. LADMAC: Minimal essential medium supple-
mented with 10% FBS. Primary glial cells: RPMI 1640 supplemented with 10% FBS and 0.01
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mg/mL gentamicin and 0.25 pg/mL amphotericin. All media was supplemented with 100
units/ml penicillin and 100 pug/ml streptomycin, and all cells were maintained at 37°C in 5%
CO2. All cell culture reagents were obtained from Thermo Fisher. LADMAC conditioned
media was prepared by collecting supernatant from confluent cells that have been in culture
for 5-7 days and centrifuged at 300 x g for 10 min to remove cellular debris.

Wild type Rift Valley fever virus (RVFV) strain ZH501 was obtained from the NIH Biode-
fense and Emerging Infections Research Resources Repository, NIAID, NIH. The MP-12
strain was kindly provided by Oscar Negrete (Sandia National Laboratory). RVFV stocks were
propagated in Vero cells as previously described [61,62]. Titers of viral stocks were determined
by standard plaque assay consisting of an agarose overlay and crystal violet staining. All work
with the ZH501 strain was performed in Institutional Biosafety Committee approved BSL-3
and ABSL-3 facilities at Lawrence Livermore National Laboratory using appropriate PPE and
protective measures.

Mice

C57BL/6 as well as mice genetically deficient in MAV'S (B6;129-Mavs™'%¢/J; Jax stock No:
008634), TLR3 B6;129S1-TIr3"™F%/J; Jax Stock No: 005217), and TLR7 (B6.129S1-Tlr7 151y,
Jax stock No: 008380) were obtained from Jackson Laboratory. For experiments using knock-
out (KO) mice, animals were crossed to WT C57BL/6 mice to generate a heterozygous F1 gen-
eration. F1 littermates were crossed to generate homozygous WT and KO F2 progeny.
Matched WT and KO animals from the same generation were used for each genotype. All ani-
mals were maintained in PHS-assured facilities.

Isolation of primary microglia isolation

Primary microglia were isolated and cultured as described previously [63,64]. Briefly, brains
from 1-4-day old neonatal mice were dissected to remove meninges and large blood vessels
and finely minced with sterile surgical scissors. The minced tissue was then forced through a
70 uM cell strainer (Fischer Scientific) and rinsed with cold glial media. Cells were pelleted at
300 x g for 10 min then resuspended in 20 mL fresh media and placed in a T75 flask (1 flask
per 7-9 brains) and maintained in culture for 2 weeks. Microglia were harvested from the
mixed glial culture by shaking flasks for 4 h at 200 rpm using an orbital shaker. Cells were pel-
leted at 300 x g for 10 min and resuspended in 10 mL microglia growth media (glial media
+20% LADMAC conditioned media). Microglia from up to 3 T75 flasks were combined and
placed in a T25 flask. Microglia were maintained in culture for up to one week before use in
viral infection experiments.

In vitro infection of microglia

Microglia were plated in 24 well tissue culture treated plate at a density of 250,000 cells per
well in primary glial cell media. Cells were infected with RVFV at a MOI of 5 (QPCR analysis)
or 2 (flow cytometry, cytokine analysis, and assessment of viral titer in supernatant) in primary
glial cell media. Cells were incubated with virus for 4 h at 37°C in 5% CO,. Viral infection
media was then removed, and cells used for gPCR analysis were lysed for RNA extraction.
Cells used for flow cytometry, cytokine analysis, and assessment of viral titer in supernatant
were washed one time with PBS, then replenished with fresh media and incubated for another
18-24 h. Supernatants were then removed and stored at -80°C for cytokine and titer analysis,
and cells were processed for flow cytometric analysis. Data for all in vitro assays presented are
displayed as the average from triplicate wells and are representative of experiments performed
at least twice.
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Cytokine analysis

Cytokines were quantified using Legendplex multiplex bead-based assay (Biolegend) using the
mouse anti-virus response panel according to manufacturer’s instructions. Flow cytometry of
the beads was performed using a FACSAria Fusion and data were analyzed using Biolegend’s
cloud-based analysis software available at https://legendplex.qognit.com.

In vivo infection and brain tissue isolation and preparation

Groups of male and female Mavs” and wildtype (WT) control littermates ranging in age from
8-12 weeks were inoculated intranasally with 5x10° (MP-12, n = 12) or 1000 PFU (ZH501,

n = 20) RVFV while under anesthesia (4-5% isoflurane in 100% oxygen). Mice were moni-
tored daily for signs of morbidity and animals were humanely euthanized upon signs of severe
disease by CO, asphyxiation. For tissue harvest, animals were euthanized by CO, asphyxiation
and the whole animal was perfused with 30 mL sterile PBS containing 50,000 U/L sodium hep-
arin via the left ventricle.

Brain tissue isolation and preparation

Brains for flow cytometric, RNA sequencing, cytokine, and viral titer analysis were isolated
from MP-12 infected mice on day 7 post-infection. A total of 12 mice (infected) or 5 mice
(uninfected) per genotype were analyzed in 2 independent experiments. Data for flow cytome-
try and cytokine analysis on infected animals are shown only for WT mice that had detectable
live virus in the brain (n = 5), and for Mavs”™ mice that survived to day 7 (n=11). RNA
sequencing was performed on RNA isolated from 3 (WT uninfected, Mavs” uninfected,
Mavs”" infected) or 2 (WT infected) brains per condition.

Preparation of brain tissue was performed as previously described [65]. Following euthana-
sia and perfusion, brains were removed and placed in digestion buffer (PBS pH 7.4 (Thermo
Fisher) + liberase + DNase I (both from Roche) to a final concentration of 1.6 wunsch/mL and
0.5 mg/mL, respectively) on ice in a 1.5 mL tube. Brains were finely diced into 1-2 mm? pieces
with scissors. 3—4 pieces were placed into RNAlater (Qiagen) for gene expression analysis. The
remaining tissue was digested at 37°C for 30 min. EDTA was added to a final concentration of
10 mM to stop the digestion reaction. A cell suspension was generated by gentle pipetting fol-
lowed by passage through a 70 um cell strainer. The cell strainer was rinsed with PBS supple-
mented with 5% FBS to a total volume of 20 mL. Aliquots of this suspension were stored at
-80°C for cytokine and viral titer analysis. The remaining suspension was subjected to Percoll
gradient centrifugation to purify mononuclear immune cells for flow cytometric analysis as
previously described [65].

Flow cytometry

Cells were incubated for 30 min on ice in 100 ul Hank’s balanced salt solution (Thermo Fisher)
+ 2% FBS with Fc block (1:100 dilution, clone 2.4G2; BD Biosciences) along with the following
antibodies (all from BD Biosciences): CD45 APC-Cy7 (1:500, clone 30-F11), CD11b AF488
(1:500, clone M1/70), CD80 BV421 (1:200, clone 16-10A1), and CD86 PE-Cy7 (1:500, clone
GL1). IA/I-E AF647 (1:500, clone M5/114.15.2; BioLegend). Cells were then fixed and permea-
bilized using BD Cytofix/Cytoperm (BD Biosciences) according to manufacturer’s instruc-
tions. Cells were then incubated with an anti-RVFV antibody (kindly provided by Dr. Robert
Tesh and the World Reference Center of Emerging Viruses and Arboviruses) at 1:500 dilution,
followed by goat anti-mouse PE secondary antibody (1:1000, Santa Cruz biotechnology). Flow
cytometry was performed using a FACSAria Fusion and data were analyzed using FlowJo
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software. Microglia, other myeloid lineage, and lymphocytes were resolved using CD45 and
CD11b expression, with microglia identified as CD45™ CD11b™, other myeloid as CD45™
CD11b™, and lymphocytes as CD45™ CD11b" as previously described [65].

qPCR and bulk RNA seq analyses

RVFV genomic RNA was quantified in in vitro cultured microglia and brain tissue as
described previously [5,26,66]. To normalize between samples, results were normalized to
GAPDH expression. For in vitro qQPCR analysis of immune gene expression, RNA from
infected and uninfected microglia was harvested at 4 h post-infection using RNeasy plus kits,
and cDNA was generated using RT? First Strand Synthesis kit (both from Qiagen) according
to manufacturer’s instructions. Real-time quantitative RT-PCR analysis of the samples was
carried out using the mouse antiviral response RT? Profiler PCR array (Qiagen) on a 7900HT
Fast Real-Time PCR system (Thermo Fisher) according to manufacturer’s instructions. Data
were analyzed using Qiagen’s online analysis software available at https://geneglobe.qiagen.
com/us/analyze. Data are shown as the log, fold change in gene expression in infected versus
uninfected samples.

For bulk sequencing analysis, RNA was harvested from RNAlater preserved brain tissue
using RNeasy Plus kit. Poly(A)+-enriched cDNA libraries were generated using the Illumina
TruSeq RNA Library Prep kit v2 (Illumina Inc). The 75 bp single-end reads were sequenced
was performed using an Illumina (Illumina Inc) NextSeq 500 instrument. Sequencing data
quality was checked using FastQC software. Reads were mapped to the mouse reference
genome (mm10) using STAR [67]. Read counts per gene locus were summarized with feature-
Counts [68]. Then the data was normalized using RUVseq [69] to correct for batch effects and
other unwanted variations. Genes differentially expressed between uninfected and infected
samples were identified using edgeR [70]. Gene ontology (GO) and pathway enrichment anal-
ysis was performed using functional annotation tool ToppGene [71]. Heatmaps were gener-
ated using heatmap.2 function in ‘gplots’ R package.

Single cell RNA sequencing

Mice were euthanized and perfused as described above. Isolated brain tissues were immedi-
ately processed using a modified protocol from [72]. Cortices were dissected in cold Hibernate
A medium (BrainBits LLC) and sliced to approximately 0.5 mm before transferred to a 15 mL
falcon tube with Hibernate A and B27 medium (HABG) (Thermo Fischer Scientific). Collected
tissue samples in 15 mL conical tubes were warmed up to 30°C in a shaking water bath for 8
minutes, before the HABG supernatant replaced with activated papain (34 U/mL, Worthing-
ton Biochemical Corporation) and the tubes placed back into the shaking water bath for tissue
digestion (30°C, 150 rpm) for 30 minutes. Cells were released from the digested tissues by trit-
uration using a fire-polished Pasteur pipette. Released cells were collected in the supernatant
and filtered through a 70 mm MACS Smart Strainer (Miltenyi Biotec) into a new 15 mL coni-
cal tube. The single cell suspension was layered onto a Optiprep density gradient to separate
cells from debris, after centrifugation (800 x g, 15 min, 22°C). The debris fraction was col-
lected, and the gradient material diluted with HAGB before tubes were centrifuged (200 x g, 5
min, 22°C). The supernatant was aspirated, and ACK lysis buffer (Thermo Fisher Scientific)
was added to the cell suspension remove any remaining red blood cells (5 min, RT). Hank’s
balanced salt solution (Thermo Fisher) was added to the cell suspension containing the lysis
buffer and tubes were centrifuged (200 x g, 5 min, 22°C). To remove dead cells from the single
cell suspension, a Dead cell removal kit (Miltenyi Biotec) was used as directed by the vendor.
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Cell pellets were resuspended in PBS with 0.04% non-acetylated BSA and counted on a
Countess IT automated cell counter prior to single-cell sequencing preparation using Chro-
mium Single-cell 3 GEM, Library & Gel Bead Kit v3 (10x Genomics Cat # 1000075) on a 10x
Genomics Chromium Controller following manufacturers’ protocol. Sequencing data was
demultiplexed, quality controlled, and analyzed using Cell Ranger (10x Genomics) and Seurat
[73]. The Cell Ranger Single-Cell Software Suite was used to perform sample demultiplexing,
barcode processing, and single-cell 3'gene counting. Samples were first demultiplexed and
then aligned to the mouse genome (mm10) using “cellranger mkfastq” with default parame-
ters. Unique molecular identifier counts were generated using “cellranger count”. Further
analysis was performed using Seurat [73]. First, cells with fewer than 500 detected genes per
cell and genes that were expressed by fewer than 5 cells were filtered out. After pre-processing,
we performed data normalization, scaling, and identified 2000 most variable features. Then,
anchors for data integration were identified using the ‘Find-IntegrationAnchors’ function.
Next, these anchors were passed to the ‘IntegrateData’ function and new integrated matrix
with all four datasets were generated. Subsequently, dimensionality reduction, clustering, and
visualization were performed in Seurat as described before [74]. Genes differentially expressed
between clusters were identified using ‘FindMarkers’ function implemented in Seurat.

Statistical analyses

Data were analyzed and graphed using Prism (GraphPad, La Jolla, CA) software. For qPCR,
significance was determined using a 2-way ANOVA test comparing average expression
between genotypes or gene expression changes beyond the 95% confidence intervals (CI) of
infected and uninfected samples. For flow cytometry and cytokine analyses, significance was
assessed using unpaired ¢ test, or one or two-way ANOVA with Tukey’s multiple comparisons
test. Survival data were analyzed for significance using the Log-rank (Mantel-Cox) test. An
adjusted p value of 0.05 or less was considered significant, and significant differences are indi-
cated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supporting information

S1 Fig. Infection of primary microglia is not dependent upon genotype. Primary microglia
derived from WT or the indicated genetically deficient mice were infected with RVFV MP-12
and the percentage of cells positive for RVFV was assessed by flow cytometry (A) or levels of
RVFV genomic RNA were assessed by qPCR (B). Primary microglia derived from WT or
Mavs”" mice were infected with RVFV MP-12, supernatants collected at 24 hours post-infec-
tion, and viral titers in supernatants assessed by plaque assay (C).

(TIF)

S2 Fig. Expression of activation markers is not dependent on TLR3 or TLR7. Microglia
derived from WT or TIr3” (A) or Tlr7”" (B) mice were infected with RVFV MP-12 and at 18-
24 hours post-infection, cells were harvested for flow cytometry. The expression levels of the
indicated activation markers were assessed on uninfected cells (black bars), uninfected cells in
culture with infected cells (uninf (w/ inf), gray bars), and infected cells (inf, white bars) and
shown as the mean fluorescence intensity of the indicated activation markers. Data are shown
as the mean +/- SD *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001

(TIF)

S3 Fig. RVFYV is detected in the brain on day 7 post-infection. WT mice were infected intra-
nasally with 5x10° PFU RVFV MP-12 and brains were harvested on the indicated day post-
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infection for viral quantitation.
(TIF)

S4 Fig. Single cell RNA sequencing supplemental information. Gene markers for specific
cell types defining the cell clusters in Fig 5A (A). The distribution of cell types within female
infected brains (B). Expression of type I IFNs within astrocytes (Fig 5A cluster 1, C) and oligo-
dendrocytes (Fig 5A cluster 7, D). Violin plots depicting the relative expression of selected
genes within microglia from female infected brains (E). Dot blot depicting gene expression
within lymphocytes from female infected brains (F).

(TIF)

S5 Fig. CD80 expression on microglia. Mean fluorescence intensity of CD80 on microglia
isolated from the brains of WT and Mavs”~ mice, +/- RVEV infection.
(TTF)

$6 Fig. Microglia and myeloid cells from Mavs™" infected brains display lower levels of
cytokine gene expression.
(TIF)

S1 Table. Relative expression of antiviral genes across genotypes and RVFYV strains.
(XLSX)

S2 Table. Differential gene expression in whole brain infected vs uninfected.
(XLSX)
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