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Abstract

Rift Valley fever virus (RVFV) is a highly pathogenic mosquito-borne virus capable of causing
hepatitis, encephalitis, blindness, hemorrhagic syndrome, and death in humans and livestock.
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 investigated the immune
response in the brain of RVFV infected mice. In response to infection, microglia initiate robust
transcriptional upregulation of antiviral immune genes, as well as increased levels of activation
markers and cytokine secretion that is dependent on mitochondrial 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 microglia-specific defects in type I interferon and
interferon responsive gene expression in Mavs” mice, as well as dysregulated lymphocyte
infiltration. The results of this study provide a crucial step towards understanding the precise
molecular mechanisms by which RVFV infection 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 rendered non-functional, mice have a
dysregulated response to infection in the brain. This study provides insight into how the immune
response can control Rift Valley fever virus infection of the brain.

Introduction

Rift Valley fever virus (RVFV) (genus Phlebovirus/family Bunyaviridae), 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]. RVFV
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 Agriculture (USDA) as
an overlap select agent due to the susceptibility of numerous livestock species to this disease [3].
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68 In the event of an intentional release, the most likely route of exposure to RVFV would be

69  through the respiratory system via aerosolized release of the virus. Studies conducted using

70 rodent models indicate a more severe infection following respiratory versus subcutaneous

71  exposure, with higher incidence of lethality, neuropathology, and increased viral titers in the

72 brain [4-7]. Analysis of human infections also suggests that aerosol exposure to RVFV (i.e.,

73 laboratory acquired infections and infections acquired via handling of infected livestock) leads to

74  ahigher incidence of severe disease with encephalitis and long-lasting neurologic complications

75  [8, 9]. The fatality rate amongst patients with encephalitic manifestations of disease is ~50%

76  [10], which is much higher than the overall fatality rate, estimated to be between 0.5-2% [11].

77  Thus, a thorough understanding of RVFV pathogenesis in the brain is required for preparedness

78  to combat the virus’ worst outcomes, including intentional release of the virus.

79

80  The term “immune privileged site” was once applied to the brain and interpreted to mean that

81  few immune defenses were functional in this organ [12]. However, it is now widely accepted that

82  the brain is highly immunologically active [13]. An emerging body of evidence indicates that

83  immune responses within the brain are critical for control of an array of neuroinvasive viruses

84  [14, 15]. In the brain, neurons, and glial cells (e.g., astrocytes, and microglia), express many of

85  the same pattern recognition receptors (PRRs) expressed by cells in the periphery and initiate

86  type I interferon (IFN) expression as well as other innate responses upon viral infection [15, 16].

87  Such early responses in the brain are critical for direct control of viral replication, as well as for

88  recruitment of adaptive immune cells that participate in viral clearance [17, 18]. Microglia, the

89  resident immune cells of the brain, play a key role in bridging innate and adaptive immune

90  responses in the brain [19-21], and depletion of microglia increases susceptibility to multiple

91  wviral infections [18, 22, 23]. Although potent immune responses are required for viral control in

92  the brain, limiting inflammation presents a unique immunoregulatory challenge as excessive

93  inflammation can be especially deleterious and promote neurodegenerative diseases such as

94  Parkinson’s [24] and Alzheimer’s [25] disease. Thus, investigation of immune responses in the

95  brain presents an opportunity to understand the interaction of processes that hone the correct

96  response to control viral replication without inducing excessive damaging inflammation.

97

98  To date, there has been limited investigation of the immune response to RVFV in the brain.

99  Previous work has indicated that a strong adaptive response involving both CD4 and CD8 T cells
100  as well as a robust antibody response is required for the prevention of encephalitic disease [7, 26,
101 27] yet there remains a lack of understanding of the response of resident and infiltrating immune
102 cells in the brain. Furthermore, the PRRs that microglia use to respond to RVFV infection have
103 not yet been identified. Previous work has demonstrated the critical role of RIG-I-like receptor
104  (RLR) signaling via mitochondrial antiviral signaling (MAVS) in the type I IFN response of
105  macrophages and dendritic cells (DCs) to RVFV infection, as well as a protective role for MAVS
106  following in vivo challenge, with little to no contribution from the RNA-sensing toll-like
107  receptors (TLRs) [6]. However, differential roles for the RNA-sensing PRRs during viral
108  infections of the CNS have been identified, most notably for WNV, where TLR3, TLR7, and
109  RLR receptors RIG-I and MDA-5 have been shown to coordinate and propagate a protective
110  response [28-30]. Identifying the relative contributions of innate signaling pathways to the
111  induction of type I IFNs and subsequent control of viral infection has important consequences in
112 terms of understanding human susceptibility to RVFV infection, as polymorphisms in TLR3,
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113 TLR?7, their respective downstream signaling adaptors TRIF and MyD88, as well as RIG-I and
114  MAVS have all been associated with severe disease/neuropathology in humans [31].

115

116  Here, we investigated the immune response in the murine brain to RVFV intranasal infection.
117  We demonstrate that microglia mount a robust response that is dependent on MAV'S and

118  independent of TLR3 and TLR7. MAVS is critical for the expression of immunoregulatory

119  genes, secretion of cytokines, and upregulation of surface markers of activation. Mavs”- mice are
120 more susceptible to infection, with higher viral titers in the brain following intranasal challenge.
121  RNA sequence (RNA-seq) analysis of whole brain tissue revealed robust immune gene

122 expression with greater induction of inflammatory genes in the brains of Mavs” versus wild type
123 (WT) mice. Single cell RNA-sequence (scRNA-seq) analysis revealed defects in specific

124  antiviral genes and signaling pathways within microglia in the brains of RVFV infected Mavs™
125  mice. The lack of MAVS resulted in a shift towards a more inflammatory phenotype, with a

126  decrease in antiviral signaling pathways and an increase in proinflammatory pathways within
127  Mavs”microglia. Differences in immune infiltration into the brain were also observed between
128  WT and Mavs” mice. These results are an important step towards understanding the cell types
129  and molecular pathways responsible for controlling RVFV infection in the brain and towards
130  future developments of antiviral treatments.

131

132 Results

133

134 RVFV infection induces a robust response in microglia that is dependent upon Mavs and

135  independent of Tlr3 and Tlr7

136

137  To determine if microglia respond to RVFV infection directly via cell intrinsic mechanisms, we
138  first confirmed infection of microglia cell lines EOC 13.31 and SIM A9, as well as primary

139  microglia derived from the brains of neonatal mice via flow cytometry using a RVFV-specific
140  antibody (Figure 1A and B). Vero cells were also included as a positive control for infection.

141  EOC 13.31 cells had the lowest infectivity rate ranging from 30-40% positive cells, while

142 primary microglia displayed infectivity rates (50-70%) similar to SIM A9 cells (60-70%) but
143 slightly less effective than the Vero positive control (90%) (Figure 1B). Both the fully virulent
144 (ZH501) and attenuated (MP-12) strains of RVFV yielded similar levels of infected primary

145  microglia (Figure 1C). Next, we probed the response of primary microglia to both the ZH501
146  and MP-12 strains by quantifying changes in expression of genes involved in antiviral immune
147  responses using real-time reverse transcription (RT?) PCR array (Figure 1D and Table S1). There
148  was a significant response to both viruses with similar patterns of gene expression changes,

149  although the overall magnitude of the response was greater in microglia infected with the

150 attenuated versus the fully virulent strain, consistent with prior reports [32]. The response to MP-
151 12 was robust, with very high levels of IfubI expression (greater than 7,000-fold upregulation)
152  and greater than 10-fold upregulation of over 20 genes, including Ifna?2, Ifihli, Isgl5, Cxcll0, 116,
153 and //12b, among others.

154

155  Next, microglia derived from WT, Tlr3”, Tlr7-, or Mavs”-mice were infected with MP-12, and
156  asimilar infectivity rate was confirmed amongst all groups, therefore was independent of

157  genotype (Figure S1). Microglia derived from TLR3 or TLR7 deficient animals activated

158  immune genes in response to RVFV at levels similar to WT microglia (Figure 2A and B and
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159  Table S1). In contrast, microglia derived from Mavs”- mice displayed an abrogated response to
160  infection, with minimal changes in gene expression in most genes in the array and a greater than
161  4,000-fold reduction in Ifnb1 expression versus WT infected microglia (Figure 2C and Table

162 Sl).

163

164  We further characterized the role of MAVS in the response of microglia to RVFV infection in
165  vitro by assessing expression of microglial activation markers as well as cytokine secretion

166  (Figure 3). Microglia upregulated surface expression of CD86, CD80, and I-A/I-E in a MAVS-
167  dependent manner (Figure 3A). Using RVFV antibody staining, cells within infected cultures
168  could be identified as infected (RVFV™) or uninfected (RVFV-). Expression was upregulated not
169  only on infected microglia (RVFV™), but also on uninfected cells within the culture (RVFV-),
170  suggesting secreted cytokines can influence the activation state of cells in trans. Within WT

171  microglia, expression of each marker was highest on infected cells, with an intermediate level of
172  expression seen on cells activated in trans. On Mavs~- microglia, apart from a low level of CD80
173  on infected cells, no significant upregulation of activation markers was observed. In contrast,
174  upregulation of activation markers was unaltered from WT on 7Ir3” and TIr7”- microglia (Figure
175  S2).

176

177  Cytokine secretion by infected microglia was also dependent on MAVS (Figure 3B). High levels
178  of type I IFNs were detected in supernatants from WT infected cells, as well the inflammatory
179  cytokines IL-6 and TNF-a, and chemokines CCLS5, CXCL10, CXCL11, and CCL2. Cytokine
180  levels in supernatants from MAVS-deficient cells were either not detectable, or not significantly
181  different from uninfected supernatants. Taken together, these data demonstrate that microglia
182  have a robust response to RVFV infection that is mediated primarily through the RLR signaling
183  adaptor MAVS.

184

185  Mavs” animals have a dysregulated immune response with increased susceptibility to infection
186

187  We then investigated the role of MAVS in the immune response in the brain during in vivo

188  challenge with RVFV (Figure 4). Intranasal challenge of WT and Mavs~- cohorts of mice (n=20)
189  with the ZH501 strain of RVFV confirmed enhanced susceptibility to infection of Mavs~ mice,
190  consistent with prior reports [6]. Mavs”- mice succumbed to challenge significantly faster, with
191  100% of Mavs” mice deceased by 6 days post infection, whereas 20% of WT animals were still
192  alive 10 days post infection (Figure 4A). To capture early innate antiviral responses, we

193  conducted a longitudinal study over 4 days, where infected brains of WT mice were examined ex
194 vivo to determine when live virus (MP-12) could be cultured from brain tissue following

195 intranasal challenge (Figure S3). Day 7 post-infection was identified as the earliest timepoint live
196  virus could be detected in infected WT brains. Next, we compared viral levels at day 7 post

197  infection with MP-12 between WT and Mavs” mice and were able to detect infection in 100% of
198  Mavs” (n=11), but only in 42% of WT (n=12) infected brains. Within brains with detectable

199  wvirus, titers of live virus as well as the levels of RVFV genomic RNA were significantly higher
200  in Mavs”-than in WT mice (Figure 4B).

201

202  To assess the antiviral response, we utilized RNA-seq to profile the transcriptomic alterations
203  induced by RVFV infection in the brains of WT and Mavs~- mice. Infection resulted in

204  significant upregulation of 1,069 genes in the brains of WT mice and 1,116 genes in the brains of
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205  Mavs”-mice where 600 upregulated genes were in common to both WT and Mavs™ (Figure 4C
206  and Table S2). Downregulation of genes in response to infection displayed less overlap between
207  WT and Mavs™-, with 977 downregulated in WT, 729 downregulated in Mavs~, and only 165
208  downregulated genes common to both genotypes (Figure 4C). Functional enrichment of

209  differentially expressed genes revealed strong correlation of pathways related to innate immune
210  and defense responses in both WT and Mavs brains, including response to other organism

211 (GO:0051707), innate immune response (GO:0045087), response to cytokine (GO:0034097),
212 and cytokine production (GO:0001816) (Figure 4D).

213

214  To identify deficiencies in the antiviral response within Mavs”- brains that would indicate the
215  effector functions downstream of MAVS signaling that control viral replication, we focused on
216  pathways that were enriched in WT and unaffected in Mavs” infected brains. Interestingly, only
217  two pathways were enriched in WT and not Mavs”- yet neither are involved in immune responses
218  nor indicate any functional advantage WT animals have at controlling viral replication (Figure
219  4D). Mavs™ brains had more exclusively enriched pathways, including regulation of cytokine
220  production (GO:0001817) and inflammatory response (GO:0006954), indicating that the overall
221  levels of inflammation were higher in Mavs”- brains than in WT. This is consistent with previous
222 reports that indicated a more robust serum cytokine response in Mavs”- than WT mice infected
223 with RVFV [6].

224

225  IFN o/ gene expression levels were elevated in WT infected brains, whereas induction was not
226  seen in Mavs” brains (Figure 4E). However, global upregulation of type I interferon signaling
227  was not observed in the whole brain between WT and Mavs™-. Thus, while a deficiency in type I
228  interferons is noted in Mavs~ brains, examination of downstream signaling does not reveal

229  potential deficiencies in antiviral response genes. In total, the data demonstrate that RVFV

230 infection results in robust activation of immune and inflammatory genes in both WT and Mavs~-
231  brains with very similar patterns of gene upregulation in both.

232

233 Single cell RNA sequencing reveals changes in immune infiltration and signaling defects in

234 microglia following RVFV infection of Mavs”’- mice

235

236  Next, we performed scRNA-seq to increase the resolution of transcriptional analysis and assess
237  cellular variations resulting from the absence of MAVS during RVFV infection of the brain.
238  Single cell suspensions were generated from whole brain tissue of WT and Mavs” mice, with
239  (WT+, Mavs”+) and without (WT-, Mavs”-) RVFV infection. The following cell numbers were
240  sequenced from each condition: WT-: 1,989, Mavs™-: 1,749, WT+: 1627, Mavs™-: 1841, for a
241  total of 7,206 cells. Unsupervised clustering of the data resulted in 15 cell type clusters (Figure
242 5A). By cross-referencing genes differentially expressed in each cluster to previously published
243 cell-type specific markers [33-36], we assigned each cluster to its putative cell-type identity

244  (Figure 5C). We identified expected cell clusters such as neurons, astrocytes, oligodendrocytes,
245  and endothelial cells. Three clusters of immune cells were identified, corresponding to

246  microglia/myeloid cells, T/natural killer (NK) cells, and neutrophils. We observed a large shift in
247  the relative frequency of immune cells upon infection, indicating massive immune infiltration in
248  the brains of infected animals (Figure 5B and D). Sequenced cells from uninfected brains were
249 comprised of 70-80% non-immune cells (clusters 1, 2, 4-9, and 11), with immune cells (clusters
250 0,3 and 10) comprising less than 30%. In contrast, sequenced cells from infected brains were
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251  comprised of 30-40% non-immune and more than 60% immune cells (Figure 5B and D).

252 Interestingly, the pattern of immune infiltration differed between WT and Mavs~ infected brains.
253  WT animals exhibited infiltration of mostly myeloid lineage cells, whereas Mavs~- animals

254  exhibited infiltration of lymphocyte populations in addition to myeloid lineage cells (Figure 5D).
255  Immune infiltration was confirmed using flow cytometry (Figure 5 E-G) and was consistent with
256  scRNA-seq ratios. Lymphocytes and non-glial cells of myeloid lineage comprised a very small
257  fraction of immune cells within uninfected brains, ranging from 0.5-4% and 1-6% of brain

258  immune cells, respectively (Figure SF and G). In contrast, the percentage of non-glial myeloid
259  cells increased to 10-25% of brain immune cells in both WT and Mavs~ infected mice (Figure
260  5F). Lymphocytes also increased in the brains of both WT and Mavs”- infected mice, however
261  significantly more lymphocytes were observed in the brains of Mavs” mice (Figure 5G), with
262  lymphocytes comprising 5-15% of brain immune cells in WT mice and 15-30% of brain immune
263 cells in Mavs” mice.

264

265  Clustering of microglia/myeloid cells (cluster 0, Figure 5A) identified 6 subclusters of myeloid
266  cells (Figure 6A). Enumeration of cells according to condition suggested that most immune cells
267  present in uninfected brains were microglia, whereas infected brains contained cells of multiple
268 infiltrating lineages including monocytes, antigen presenting cells (APCs), and granulocytic cells
269  (Figure 6B and D). The distribution of myeloid lineage cells in uninfected brains confirmed the
270  flow cytometry data in Figure SE and is consistent with previously published reports [37] which
271  indicate that microglia are the predominant immune cell type in the brain under non-pathological
272  conditions. The relative frequency of macrophages (cluster 4) was consistent across conditions
273  and likely corresponds to resident non-parenchymal macrophages [38], rather than an infiltrated
274  population. Infected brains of both genotypes demonstrated similar patterns of monocyte, APC,
275  and granulocytic cell infiltration (clusters 2, 3, and 5, respectively). Overall, the distribution of
276  myeloid cells was similar between infected brains of both genotypes.

277

278  Next, we examined transcriptional differences in the antiviral responses of microglia derived
279  from WT and Mavs™ infected brains. Differences in type I IFN (IfinbI and Ifna2) expression

280  were noted in a subset of microglia in WT infected brains whereas levels were undetectable in
281  microglia from Mavs~” infected and uninfected brains of both genotypes (Figure 6E). Gene

282  ontological analysis revealed specific enrichment of pathways involved in antiviral responses
283  including response to virus (GO:009615), negative regulation of viral genome replication

284  (GO:0045071), antigen processing and presentation (GO:0019882), and response to type I

285  interferon (GO:0034340) within WT infected microglia (Figure 6F). In contrast, inflammatory
286  pathways such as response to interleukin-1 (GO:007055) and positive regulation of interleukin-6
287  production (GO:0032755), as well as pathways involved in cell migration such as regulation of
288  chemokine production (GO:0032642) and positive regulation of cell adhesion (GO:0045785)
289  were enriched in Mavs” microglia (Figure 6G). Specific IFN-stimulated genes (ISGs) were

290  expressed at higher levels within WT microglia, including Irf7, Isg20, Isgl5, Oasll, Ifitl, Ifit3,
291  Ifi2712a, and Bst2 (Figure 6H). Genes that have been previously associated with a pro-

292  inflammatory state [39-41] were expressed at higher levels within Mavs”- microglia, including
293 Irfl, Irf8, 111b, and Nos2 (Figure 6H).

294

295  Flow cytometric analysis revealed further defects in Mavs”- microglia. In line with increased
296  viral titers in the brains of Mavs~- animals (Figure 4B), microglia from Mavs~- animals displayed
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297  dramatically higher levels of infection as evidenced by anti-RVFV antibody staining, ranging
298  from 0.5-9% in WT brains to 15-50% in Mavs~ brains (Figure 6I). We also evaluated the surface
299  expression levels of activation markers; expression of CD86 mirrored in vitro results, with WT
300 microglia that are RVFV™ expressing the highest levels of CD86, and microglia from infected
301  brains that are RVFV- expressing an intermediate level of CD86, although not significantly

302  different from microglia from uninfected brains (Figure 6J). There was no significant

303  upregulation of CD86 on microglia from Mavs™ brains. Expression of I-A/I-E was also elevated
304  on RVFV' microglia, although not on RVFV- microglia, from WT infected brains (Figure 6K).
305 In contrast to in vitro results, upregulation of I-A/I-E was detected on microglia derived from
306  Mavs” brains (Figure 6K). No significant upregulation of CD80 was detected (Figure S4).

307

308  Lymphocyte infiltration and signaling defects in the brains of Mavs™- mice

309

310  The majority of lymphocytes identified within WT infected brains were NK cells, whereas those
311  in Mavs” infected brains included a large number of T cells in addition to NK cells (Figure 7A-
312 D). Lymphocytes comprised greater than 30% of the total sequenced cells in the Mavs” infected
313 condition (Figures 5D and 7D). Upon examining genes that were differentially expressed

314  between WT and Mavs” lymphocytes, we observed defects in ISG expression (Irf7, Ifi44, Xcll),
315 as well as genes involved in T and NK cell-mediated killing (Prf1, Gzmb, Ifng) [42] within

316  lymphocytes from Mavs”- infected animals (Figure 7E), suggesting that Mavs”- cells are less

317  efficient in clearing the virus than WT cells [43-45]. Consistent with this, we observed reduced
318  expression of 1115, 1118, and /27, cytokines that have a stimulatory effect on T and NK cells [46-
319  49], in microglia from infected Mavs”- mice (Figure S5). Lower levels of IFN-y protein were also
320  detected in the brains of Mavs”- versus WT infected mice (Figure 7G). Taken together, these

321  results suggest that a defective response of Mavs” microglia may lead to the reduced capacity of
322 T and NK cells to control RVFV infection.

323

324  Discussion

325

326  Despite the major role of pathogenesis in the brain for the most severe outcomes of RVFV

327  infection, there has been little investigation of local antiviral immune responses within this

328  organ. Here, we investigated the innate immune response in the brain to RVFV in a mouse model
329  ofintranasal infection. We demonstrated that microglia mount a robust response to RVFV that is
330  dependent on MAVS and independent of TLR3 and TLR7. To probe viral pathogenesis in the
331  brain in the presence and absence of a functional innate immune response, we profiled the brains
332 of WT and Mavs” animals following intranasal infection with RVFV. Mavs” animals

333 succumbed to infection more rapidly and with significantly higher viral titers in the brain. Viral
334  presence in the brain corresponded with massive immune infiltration in both WT and Mavs~

335  mice, consisting mostly of myeloid lineage cells as well as some lymphocytes, with significantly
336  more T and NK cells in the brains of Mavs~- animals. Robust immune gene expression was

337  observed in the brains of both WT and Mavs” infected animals, with greater inflammatory gene
338  expression within Mavs” brains. Deficiencies in type I IFN expression were noted within whole
339  brain tissue as well as specifically within microglia in Mavs™ infected animals, and furthermore,
340  microglia from Mavs~ animals displayed deficiencies in downstream antiviral signaling

341  pathways and specific ISG expression. T and NK cells from Mavs” animals were also deficient
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342 in ISG expression, as well as genes related to killing functions. Furthermore, decreased Ifing

343  expression resulted in lower levels of IFN-y protein in the brain.

344

345 A summary of previous studies using mouse models of infection suggests that failure to establish
346  arobust peripheral immune response to RVFV infection allows for viral spread to the brain, and
347  exposure via the respiratory route increases the likelihood of bypassing such a protective

348  response [4, 5, 26, 27, 50]. Thus, these studies suggest that the primary function of a protective
349  response is to prevent the virus from ever reaching the brain. However, a recent study using a rat
350 model of infection provided additional insight into the role of immune responses within the

351  brain. Albe et. al [7] observed that rats infected subcutaneously with RVFV had detectable viral
352  RNA in the brain as early as one day post infection despite lacking overt signs of disease.

353  Furthermore, T cell infiltration into the brain was associated survival of infection, suggesting that
354  functional T cell responses in the brain are ultimately capable of clearing infection and

355 promoting survival and recovery. Rats exposed to aerosolized RVFV did not display T cell

356 infiltration in the brain, and ultimately succumbed to infection. This study is consistent with the
357  hypothesis that the lack of a robust peripheral immune response leads to increased pathogenesis
358  within the brain, however it suggests that extension of peripheral responses to the brain is critical
359  for the resolution of RVFV infection. Our present work indicates that innate immune responses
360 to RVFV are robustly active within the brain. Thus, the role that cells within the brain play in
361  recruiting and orchestrating a protective response warrants further investigation.

362

363  Microglia express a number of PRRs and respond to a wide variety of infectious agents in a

364  diverse manner and can alternately establish an anti- or pro-inflammatory environment,

365  depending on the specific genes that are induced as well as differing factors in the surrounding
366  environment [51, 52]. Our results indicate that RVFV readily infects microglia, which then

367  primarily utilize the RLR pathway via the signaling adaptor MAVS to detect and respond to

368 RVFV infection. In vitro, microglia derived from Mavs” animals displayed abrogated antiviral
369  responses including diminished type I IFN and IFN-responsive gene expression and diminished
370  capacity to upregulate surface markers of activation or secrete cytokines. Despite being severely
371  attenuated, some response to infection was still noted, therefore we cannot rule out a minor role
372  for other receptor(s) in the response of microglia to RVFV infection. Evaluation in vivo within
373 TIr3” or Tlr7-- mice may reveal a role for these receptors, which might vary in importance

374  within specific cell and tissue types.

375

376  The response of microglia to RVFV infection in vivo was also dependent on MAVS. Using

377  scRNA-seq, we demonstrated that microglia in WT infected brains express type I IFNs and

378 interferon responsive genes. Pathways that were enriched in WT microglia versus Mavs™-

379  included response to virus and negative regulation of viral genome replication, indicating that
380  WT microglia have a greater capacity to control viral infection. Specific ISGs with demonstrated
381  antiviral activity were elevated including Ifi¢/ and Ifit3, both of which have previously been

382  shown to bind RVFV genomic RNA and have inhibitory activity on viral growth [53]. BST-2 has
383  previously been shown to inhibit replication of several viruses, including HIV-1 and Lassa Virus,
384  but was not capable of inhibiting RVFV replication in the cell types tested [54, 55]. Further

385 investigation is required to determine if these ISGs have anti-RVFV activity in microglia. Other
386  ISGs that were among the 20 most upregulated genes in WT microglia include master regulatory
387  genes Irf7 and Isgl5, broad spectrum exonucluease Isg20, Ifi2712a, which has been shown to
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388  have antiviral activity against WNV [56], and Oas/I, which can regulate /rf7 expression [57].
389  Using flow cytometry, we demonstrated that WT microglia upregulate CD86 and I-A/I-E on the
390  cell surface in response to RVFV infection. Upregulation of surface markers was restricted to
391  microglia that were RVFV™, which were of relatively low abundance in WT brains. Separating
392  microglia from infected brains into RVFV* and RVFV-populations was restricted to antibody
393  staining and was not possible using scRNA-seq due to the sequencing technology being unable
394  to capture RVFV genomic RNA. While we cannot ascertain which sequenced microglia were
395 infected or uninfected, it can be inferred that the changes in gene expression observed within WT
396  microglia were induced largely in trans in response to secreted factors from neighboring cells
397  due to the low levels of infection detected by antibody staining.

398

399  In contrast, microglia from Mavs~ brains displayed much higher levels of infection, ranging

400  from 15-50% of the total microglia. Mavs”-microglia did not express type I IFNs, and

401  upregulated genes enriched in inflammatory processes such as response to interleukin-1 and

402  positive regulation of interleukin-6. Mavs”- microglia upregulated surface expression of I-A/I-E,
403  on both RVFV* and RVFV- microglia in vivo. Antigen processing and presentation was observed
404  transcriptionally only within WT microglia, therefore the functional significance of I-A/I-E

405  expression is unclear. Interestingly, Irf1, IrfS, and I/1b were amongst the genes most upregulated
406  in Mavs’ microglia versus WT. Previous studies utilizing a mouse model of nerve injury

407  indicated increased 1/1b expression by microglia that was dependent on Irf] and Irf8 expression
408  [39, 40]. These studies in conjunction with our present study suggest that different types of

409  pathological insults can activate a common inflammatory state in microglia and further suggest
410  that failure to establish an appropriate antiviral response may dispose the microglia to remain in
411  aproinflammatory state.

412

413 Our results highlight the importance of MAVS in orchestrating a protective immune response
414  against RVFV infection in the brain. The lack of MAVS resulted in a dysregulated immune

415  response, with more inflammatory gene expression and less functional adaptive immune

416  responses. The brain infiltrating lymphocytes consisted of T and NK cells in both WT and Mavs-
417 - animals however more NK than T cells were observed in WT. Furthermore, the T and NK cells
418  in the brains of Mavs” mice appear to be functionally deficient due to decreased expression of
419  ISGs and genes related to killing functions. Thus, while more cells are recruited to the brain,

420 likely due to the increased presence of viral antigen, they are less able to control viral replication.
421  This is in line with previous studies investigating the role of MAVS in WNV infection which
422  demonstrated increased infiltration of T cells with lower functional avidity into the brains of

423 Mavs” mice [30, 58]. Further work is needed to characterize the functional deficiency of T cells
424 in Mavs’ mice during RVFV infection and to understand the molecular details that govern this
425  deficiency. Moreover, the role of NK cells in RVFV infection has not been investigated, and our
426  data suggests that NK cells may be actively recruited to the brain to help control RVFV

427  infection. Interestingly, we observed increased expression of /15, 1118, and /27, which have been
428  shown to activate T and NK cells [46-49], in WT microglia and other myeloid cells. Secretion of
429  these cytokines may be one mechanism by which microglia regulate the cytotoxic activity of
430  lymphocytes, and lack of expression in Mavs” microglia could be playing a role in the defective
431  lymphocyte responses observed in these animals. Future studies will explore the relationship

432  between secreted factors from microglia and the induction of protective T and NK cell responses
433 during RVFV infection of the brain. Taken together, previous studies and our present study
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434  indicate that RLR signaling through MAVS is required not only to control viral replication early
435  but is also necessary to induce a fully functional adaptive response.

436

437  In summary, this present work provides a better understanding of the immune response in the
438  brain to RVFV infection. Furthermore, it defines a protective role for MAVS in propagating

439  antiviral responses in the brain and suggests that signaling through MAVS may also be required
440  for functional T and NK cell responses in the brain. Better understanding of the immune

441  responses that are active against RVFV in the brain may contribute to therapeutics that

442  effectively harness or augment these responses and lead to treatments for encephalitic disease.
443

444  Materials and Methods

445

446  Cells and viruses

447  Vero, EOC 13.31, SIM A9, and LADMAC cells were obtained from the American Type Culture
448  Collection (ATCC). Cell lines were maintained in the following culture media: Vero: Dulbecco’s
449  modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS). EOC
450  13.31: DMEM supplemented with 10% FBS and 20% LADMAC conditioned media to provide a
451  source of CSF-1 to support microglial growth [59]. SIM-A9: DMEM:F12 supplemented with
452  10% FBS and 5% horse serum. LADMAC: Minimal essential medium supplemented with 10%
453  FBS. Primary glial cells: RPMI 1640 supplemented with 10% FBS and 0.01 mg/mL gentamicin
454  and 0.25 pg/mL amphotericin. All media was supplemented with 100 units/ml penicillin and 100
455  pg/ml streptomycin, and all cells were maintained at 37 °C in 5% CO2. All cell culture reagents
456  were obtained from Thermo Fisher. LADMAC conditioned media was prepared by collecting
457  supernatant from confluent cells that have been in culture for 5-7 days and centrifuged at 300 x g
458  for 10 min to remove cellular debris.

459

460  Wild type Rift Valley fever virus (RVFV) strain ZH-501 was obtained from the NIH Biodefense
461  and Emerging Infections Research Resources Repository, NIAID, NIH. The MP-12 strain was
462  kindly provided by Oscar Negrete (Sandia National Laboratory). RVFV stocks were propagated
463  in Vero cells as previously described [60, 61]. Titers of viral stocks were determined by standard
464  plaque assay consisting of an agarose overlay and crystal violet staining. All work with the

465  ZHS5O01 strain was performed in Institutional Biosafety Committee approved BSL-3 and ABSL-3
466  facilities at Lawrence Livermore National Laboratory using appropriate PPE and protective

467  measures.

468

469  Mice

470

471  All animal work was conducted in accordance with protocols approved by the Lawrence

472  Livermore National Laboratory Institutional Animal Care and Use Committee. C57BL/6 as well
473  as mice genetically deficient in MAVS (B6;129-Mavs™!%¢/J; Jax stock No: 008634), TLR3

474  B6;129S1-Tlr3™IFM/J; Jax Stock No: 005217), and TLR7 (B6.129S1-Tlr71FM/J; Jax stock No:
475  008380) were obtained from Jackson Laboratory. For experiments using knockout (KO) mice,
476  animals were crossed to WT C57BL/6 mice to generate a heterozygous F1 generation. F1

477  littermates were crossed to generate homozygous WT and KO F2 progeny. Matched WT and KO
478  animals from the same generation were used for each genotype. All animals were maintained in
479  PHS-assured facilities.
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480

481  Isolation of primary microglia isolation

482

483  Primary microglia were isolated and cultured as described previously [62, 63]. Briefly, brains
484  from 1 — 4-day old neonatal mice were dissected to remove meninges and large blood vessels
485  and finely minced with sterile surgical scissors. The minced tissue was then forced through a 70
486  uM cell strainer (Fischer Scientific) and rinsed with cold glial media. Cells were pelleted at 300
487  x g for 10 min then resuspended in 20 mL fresh media and placed in a T75 flask (1 flask per 7 —
488 9 brains) and maintained in culture for 2 weeks. Microglia were harvested from the mixed glial
489  culture by shaking flasks for 4 h at 200 rpm using an orbital shaker. Cells were pelleted at 300 x
490 g for 10 min and resuspended in 10 mL microglia growth media (glial media + 20% LADMAC
491  conditioned media). Microglia from up to 3 T75 flasks were combined and placed in a T25 flask.
492  Microglia were maintained in culture for up to one week before use in viral infection

493  experiments.

494

495  In vitro infection of microglia

496

497  Microglia were plated in 24 well tissue culture treated plate at a density of 250,000 cells per well
498  primary glial cell media. Cells were infected with RVFV at a MOI of 5 (qPCR analysis) or 2
499  (flow cytometry/cytokine analysis) in primary glial cell media. Cells were incubated with virus
500 for4 hat37°Cin 5% CO2. Viral infection media was then removed, and cells used for gPCR
501 analysis were lysed for RNA extraction. Cells used for flow cytometry and cytokine analysis
502  were washed one time with PBS, then replenished with fresh media and incubated for another
503  18-24 h. Supernatants were then removed and stored at -80 °C for cytokine analysis, and cells
504  were processed for flow cytometric analysis. Data for all in vitro assays is displayed as the

505  average from 3 triplicate wells and is representative of an experiment performed at least twice.
506

507  Cytokine analysis

508

509  Cytokines were quantified using Legendplex multiplex bead-based assay (Biolegend) using the
510  mouse anti-virus response panel according to manufacturer’s instructions. Flow cytometry of the
511  beads was performed using a FACSAria Fusion and data were analyzed using Biolegend’s

512 cloud-based analysis software available at https://legendplex.qognit.com.

513

514  In vivo infection

515

516  Groups of male and female Mavs~”- and wildtype (WT) control littermates ranging in age from 8-
517 12 weeks were inoculated intranasally with 5x103 (MP-12, n=12) or 1000 PFU (ZH501, n=20)
518  RVFV while under anesthesia (4-5% isoflurane in 100% oxygen). Mice were monitored daily for
519  signs of morbidity and animals were humanely euthanized upon signs of severe disease by CO,
520  asphyxiation. For tissue harvest, animals were euthanized by CO, asphyxiation and the whole
521  animal was perfused with 30 mL sterile PBS containing 50,000 U/L sodium heparin via the left
522 ventricle.

523

524  Brain tissue isolation and preparation

525
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526  Preparation of brain tissue for flow cytometric, RNA sequencing, cytokine, and viral titer

527  analysis was performed as previously described [64]. Following euthanasia and perfusion, brains
528  were removed and placed in digestion buffer (PBS pH 7.4 (Thermo Fisher) + liberase + DNase I
529  (both from Roche) to a final concentration of 1.6 wunsch/mL and 0.5 mg/mL, respectively) on
530 iceina 1.5 mL tube. Brains were finely diced into 1-2 mm? pieces with small scissors. 3-4 pieces
531  were placed into RNAlater (Qiagen) for gene expression analysis. The remaining tissue was

532 digested at 37 °C for 30 min. EDTA was added to a final concentration of 10 mM to stop the
533  digestion reaction. A cell suspension was generated by gentle pipetting followed by passage

534 through a 70 pum cell strainer. The cell strainer was rinsed with PBS supplemented with 5% FBS
535  to atotal volume of 20 mL. Aliquots of this suspension were stored at -80 °C for cytokine and
536  wviral titer analysis. The remaining suspension was subjected to Percoll gradient centrifugation to
537  purify mononuclear immune cells for flow cytometric analysis as previously described [64].

538

539  Flow cytometry

540

541  Cells were incubated for 30 min on ice in 100 pl Hank’s balanced salt solution (Thermo

542  Fisher) + 2% FBS with Fc block (1:100 dilution, clone 2.4G2; BD Biosciences) along with the
543  following antibodies (all from BD Biosciences): CD45 APC-Cy7 (1:500, clone 30-F11), CD11b
544  AF488 (1:500, clone M1/70), CD80 BV421 (1:200, clone 16-10A1), and CD86 PE-Cy7 (1:500,
545  clone GL1). IA/I-E AF647 (1:500, clone M5/114.15.2; BioLegend). Cells were then fixed and
546  permeabilized using BD Cytofix/Cytoperm (BD Biosciences) according to manufacturer’s

547  instructions. Cells were then incubated with an anti-RVFV antibody (kindly provided by Dr.
548  Robert Tesh and the World Reference Center of Emerging Viruses and Arboviruses) at 1:500
549  dilution, followed by goat anti-mouse PE secondary antibody (1:1000, Santa Cruz

550  biotechnology). Flow cytometry was performed using a FACSAria Fusion and data were

551  analyzed using FlowJo software. Microglia, other myeloid lineage, and lymphocytes were

552 resolved using CD45 and CD11b expression, with microglia identified as CD45™ CD11b™",

553  other myeloid as CD45" CD11b", and lymphocytes as CD45" CD11b~ as previously described

554 [64].

555

556 qPCR and bulk RNA seq analyses
557

558 RVFV genomic RNA was quantified in brain tissue as described previously [5, 26, 65]. To

559  normalize between samples, results were normalized to GAPDH expression. For in vitro qPCR
560 analysis of immune gene expression, RNA from infected and uninfected microglia was harvested
561  at4 h post infection using RNeasy plus kits, and cDNA was generated using RT? First Strand
562  Synthesis kit (both from Qiagen) according to manufacturer's instructions. Real-time quantitative
563  RT-PCR analysis of the samples was carried out using the mouse antiviral response RT? Profiler
564  PCR array (Qiagen) on a 7900HT Fast Real-Time PCR system (Thermo Fisher) according to
565  manufacturer’s instructions. Data were analyzed using Qiagen’s online analysis software

566  available at https://geneglobe.giagen.com/us/analyze. Data are shown as the log, fold change in
567  gene expression in infected versus uninfected samples.

568

569  For bulk sequencing analysis, RNA was harvested from RNAlater preserved brain tissue using
570  RNeasy Plus kit. Poly(A)+-enriched cDNA libraries were generated using the Illumina TruSeq
571  RNA Library Prep kit v2 (Illumina Inc). The 75 bp single-end reads were sequenced was
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572  performed using an [llumina (Illumina Inc) NextSeq 500 instrument. Sequencing data quality
573  was checked using FastQC software. Reads were mapped to the mouse reference genome

574  (mml0) using STAR [66]. Read counts per gene locus were summarized with featureCounts
575  [67]. Then the data was normalized using RUVseq [68] to correct for batch effects and other
576  unwanted variations. Genes differentially expressed between uninfected and infected samples
577  were identified using edgeR [69]. Gene ontology (GO) and pathway enrichment analysis was
578  performed using functional annotation tool ToppGene [70]. Heatmaps were generated using
579  heatmap.2 function in ‘gplots’ R package.

580

581  Single cell RNA sequencing

582

583  Mice were euthanized and perfused as described above. Isolated brain tissues were immediately
584  processed using a modified protocol from [71]. Cortices were dissected in cold Hibernate A
585  medium (BrainBits LLC) and sliced to approximately 0.5 mm before transferred to a 15 mL
586  falcon tube with Hibernate A and B27 medium (HABG) (Thermo Fischer Scientific). Collected
587  tissue samples in 15 mL conical tubes were warmed up to 30°C in a shaking water bath for 8
588  minutes, before the HABG supernatant replaced with activated papain (34 U/mL, Worthington
589  Biochemical Corporation) and the tubes placed back into the shaking water bath for tissue

590  digestion (30°C, 150 rpm) for 30 minutes. Cells were released from the digested tissues by

591 trituration using a fire-polished Pasteur pipette. Released cells were collected in the supernatant
592  and filtered through a 70 mm MACS Smart Strainer (Miltenyi Biotec) into a new 15 mL conical
593  tube. The single cell suspension was layered onto a Optiprep density gradient to separate cells
594  from debris, after centrifugation (800 x g, 15 min, 22°C). The debris fraction was collected, and
595  the gradient material diluted with HAGB before tubes were centrifuged (200 x g, 5 min, 22°C).
596  The supernatant was aspirated, and ACK lysis buffer (Thermo Fisher Scientific) was added to
597  the cell suspension remove any remaining red blood cells (5 min, RT). Hank’s balanced salt
598  solution (Thermo Fisher) was added to the cell suspension containing the lysis buffer and tubes
599  were centrifuged (200 x g, 5 min, 22°C). To remove dead cells from the single cell suspension, a
600  Dead cell removal kit (Miltenyi Biotec) was used as directed by the vendor.

601

602  Cell pellets were resuspended in PBS with 0.04% non-acetylated BSA and counted on a

603  Countess II automated cell counter prior to single-cell sequencing preparation using Chromium
604  Single-cell 3' GEM, Library & Gel Bead Kit v3 (10x Genomics Cat # 1000075) on a 10x

605  Genomics Chromium Controller following manufacturers’ protocol. Sequencing data was

606  demultiplexed, quality controlled, and analyzed using Cell Ranger (10x Genomics) and Seurat
607  [72]. The Cell Ranger Single-Cell Software Suite was used to perform sample demultiplexing,
608  barcode processing, and single-cell 3'gene counting. Samples were first demultiplexed and then
609  aligned to the mouse genome (mm10) using “cellranger mkfastq” with default parameters.

610  Unique molecular identifier counts were generated using “cellranger count”. Further analysis
611  was performed using Seurat [72]. First, cells with fewer than 500 detected genes per cell and
612  genes that were expressed by fewer than 5 cells were filtered out. After pre-processing, we

613  performed data normalization, scaling, and identified 2000 most variable features. Then, anchors
614  for data integration were identified using the ‘Find-IntegrationAnchors’ function. Next, these
615  anchors were passed to the ‘IntegrateData’ function and new integrated matrix with all four

616  datasets were generated. Subsequently, dimensionality reduction, clustering, and visualization
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617  were performed in Seurat as described before [73]. Genes differentially expressed between
618  clusters were identified using ‘FindMarkers’ function implemented in Seurat.
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951  Figure 1. RVFYV infects microglia. Microglia cell lines EOC 13.31 and SIM A9 and primary
952  microglia derived from the brains of neonatal mice, along with Vero positive control cells, were
953  infected with RVFV MP-12. The percentage of cells positive for RVFV was assessed by flow
954  cytometry. Representative plots of Vero cell infection analysis (A). RVFV infection rate for all
955  cell types (B). Primary microglia derived from wildtype (WT) mice were infected with RVFV
956  MP-12 or ZH501 and the percentage of cells positive for RVFV was assessed by flow cytometry
957  (C). The relative expression of 40 antiviral response genes with the highest fold change in

958 infected versus uninfected cells (D). Data in (B-C) are shown as the mean +/- SD. Data in (D) are
959  shown as the mean log, fold change in infected versus uninfected cells +/- SEM.

960

961  Figure 2. Microglial response to RVFYV infection is dependent upon MAVS and

962  independent of TLR7 and TLR3. Primary microglia derived from WT or Tlr3”~ (A), Tlr7"- (B)
963  or Mavs”~ (C) were infected with RVFV MP-12. The relative expression of 40 antiviral response
964  genes with the highest fold change in WT cells are shown as the mean log; fold change in

965 infected versus uninfected cells, +/- SEM.

966

967  Figure 3. Microglia respond to RVFYV infection in vitro by cytokine secretion and

968  upregulation of activation markers. Microglia derived from WT or Mavs~”- mice were infected
969  with RVFV MP-12 and at 18-24 h post-infection, cells and cellular supernatants were harvested
970  for flow cytometry and multiplex cytokine analysis, respectively. The expression levels of the
971  indicated activation markers were assessed on uninfected cells (black bars), uninfected cells in
972 culture with infected cells (uninf (w/ inf), gray bars), and infected cells (inf, white bars) and

973  shown as the mean fluorescence intensity of the indicated activation markers (A). Cytokine

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

976

977  Figure 4. Mavs”- mice are more susceptible to intranasal RVFV infection and display

978  increased viral burden and immune gene expression in the brain. WT or Mavs” mice were
979  infected intranasally with 1000 PFU RVFV ZH501 (A), or 5x10° PFU RVFV MP-12 (B-E).

980  Morbidity and mortality were assessed daily, and percent survival is depicted in (A). On day 7
981  post infection (B-E), brains were processed for viral quantitation and RNA extraction. Viral

982  quantitation (B). Genes differentially expressed between uninfected and infected brains (C).

983  Functional enrichment of differentially expressed genes (D). Ontologies that were enriched in
984  both WT and Mavs™ infected brains are highlighted in purple. Pathways enriched only in Mavs™
985  or WT infected brains are highlighted in red and blue, respectively. Heatmap of IFN o/f3

986  signaling genes (E). *p<0.05, ***p<0.001

987

988  Figure 5. Single cell RNA sequencing reveals shifts in cell populations and immune

989 infiltration in the brain following RVFYV infection. UMAP plots depicting cell clusters derived
990  from WT and Mavs” brains, +/- RVFV infection. Cell types (A) or conditions (B) are color

991  coded. Gene markers for specific cell types (C). The distribution of cell types within brains of
992  each condition (D). Flow cytometry: Representative plots of CD11b vs CD45 and the gates

993  defining microglia, lymphocytes, and myeloid cells are shown for uninfected (left panel) and
994  infected brains (right panel) (E). The percent myeloid cells (CD11bh CD45"), and lymphocytes
995  (CDI11b CD45") (F) and (G), respectively. Data in (F) and (G) are shown as the mean +/- SD.
996  *p<0.05, ***p<0.001, ****p<0.0001
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997

998  Figure 6. Microglia from Mavs”- brains have defective response to RVFV infection

999  UMAP plots depicting cell clusters of myeloid lineage cells derived from WT and Mavs~ brains,
1000  +/- RVFV infection. Cell types (A) or conditions (B) are color coded. Gene markers for specific
1001  cell types (C). The distribution of myeloid lineage cell types within brains of each condition (D).
1002  Expression of type I IFNs within microglia (clusters 0 and 1) (E). Gene ontology (GO)
1003 enrichment analysis showing enriched in WT vs Mavs™, or Mavs” vs WT microglia (clusters 0
1004 and 1) from infected brains are shown in (F) and (G), respectively. Violin plots depicting the
1005  relative expression of selected genes within microglia (clusters 0 and 1) are shown in (H). Flow
1006  cytometry: microglia were defined as CD11b™ CD45™ as described in Figure 5, and the
1007  percentage of RVFV™ microglia are shown in (I). Mean fluorescence intensities (MFI) of CD86
1008  and I-A/I-E expression on microglia (J) and (K), respectively. Data in (I-K) are shown as the
1009  mean +/- SD. **p<0.01, ***p<0.001, ****p<0.0001
1010
1011 Figure 7. Dysregulated pattern of lymphocyte infiltration and gene expression in brains of
1012 Mavs” mice. UMAP plots depicting cell clusters of lymphoid lineage cells derived from WT and
1013 Mavs™ brains, +/- RVFV infection. Cell types (A) or conditions (B) are color coded. Feature
1014  plots showing expression of cell type specific markers are shown in (C). The distribution of
1015  lymphoid lineage cell types within brains of infected mice (D). Violin plots depicting the relative
1016  expression of selected genes within all lymphocytes are shown in (E). Quantitation of IFN-y is
1017  depicted in (F). *p<0.05
1018
1019  Figure S1. Infection of primary microglia is not dependent upon genotype. Primary
1020  microglia derived from WT or the indicated genetically deficient mice were infected with RVFV
1021  MP-12 and the percentage of cells positive for RVFV was assessed by flow cytometry.
1022
1023 Figure S2. Expression of activation markers is not dependent on TLR3 or TLR7. Microglia
1024  derived from WT or TIr3” (A) or Tlr7”~ (B) mice were infected with RVFV MP-12 and at 18-24
1025  hours post-infection, cells were harvested for flow cytometry. The expression levels of the
1026  indicated activation markers were assessed on uninfected cells (black bars), uninfected cells in
1027  culture with infected cells (uninf (w/ inf), gray bars), and infected cells (inf, white bars) and
1028  shown as the mean fluorescence intensity of the indicated activation markers. Data are shown as
1029  the mean +/- SD *p <0.05, **p<0.01, ***p<0.001, ****p<0.0001
1030
1031  Figure S3. RVFV is detected in the brain on day 7 post infection. WT mice were infected
1032  intranasally with 5x10° PFU RVFV MP-12 and brains were harvested on the indicated day post
1033  infection for viral quantitation.
1034
1035  Figure S4. CD80 expression on microglia. Mean fluorescence intensity of CD80 on microglia
1036  isolated from the brains of WT and Mavs” mice, +/- RVFV infection.
1037
1038  Figure S5. Microglia and myeloid cells from Mavs” infected brains display lower levels of
1039  cytokine gene expression.
1040
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