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23 Abstract: 

24 The pro-inflammatory cytokines interleukin (IL)-1 and IL-18 are products of activation of the 

25 inflammasome, an innate sensing system, and important in the pathogenesis of herpes simplex 

26 type 1 (HSV-1). The release of IL-18 and IL-1 from monocytes/macrophages is critical for 

27 protection from HSV-1 based on animal models of encephalitis and genital infection, yet if and 

28 how HSV-1 activates inflammasomes in human macrophages is unknown. To investigate this, 

29 we utilized both primary human monocyte derived macrophages and human monocytic cell 

30 lines (THP-1 cells) with various inflammasome components knocked-out. We found that HSV-1 

31 activates inflammasome signaling in pro-inflammatory primary human macrophages. 

32 Additionally, HSV-1 inflammasome activation is dependent on nucleotide-binding domain and 

33 leucine-rich repeat-containing receptor 3 (NLRP3), apoptosis-associated speck-like molecule 

34 containing a caspase recruitment domain (ASC), and caspase-1, but not on absent in melanoma 

35 2 (AIM2), or gamma interferon-inducible protein 16 (IFI16). Ultraviolet irradiation of HSV-1 

36 enhanced inflammasome activation, demonstrating that viral replication suppresses 

37 inflammasome activation. These results confirm that HSV-1 is capable of activating the 

38 inflammasome in human macrophages through an NLRP3 dependent process and that the virus 

39 has an NLRP3 specific mechanism to inhibit inflammasome activation in monocytes and 

40 macrophages. 

41
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45 Author Summary:

46 The inflammasome is a multi-protein complex that forms in response to pathogens and 

47 cellular damage. Active inflammasomes recruit pro-caspase-1 via ASC and cleave the cytokine 

48 precursors pro-IL-1 and pro-IL-18 into mature IL-1 and IL-18. These cytokines serve to 

49 activate other immune cells that either repair the damage or attempt to clear the invading 

50 pathogen. Upon activation, the inflammasome also promotes an inflammatory form of cell 

51 death called pyroptosis. Herpes simplex virus type 1 (HSV-1) is a common human pathogen that 

52 can cause cold sores, genital ulcers, encephalitis, and blindness. HSV-1 infection leads to 

53 induction of IL-1 and IL-18, but whether it is capable of activating inflammasomes in 

54 macrophages, which play a role in severe forms of HSV-1 infection, was unclear. Here, we 

55 infected both primary human macrophages and a macrophage/monocytic cell line, THP-1 cells, 

56 with HSV-1. We found that HSV-1 does activate inflammasome signaling in macrophages in a 

57 process dependent on NLRP3, ASC, and caspase-1. This is important because it illustrates the 

58 mechanism by which HSV-1 infection leads to inflammasome activation in macrophages, known 

59 to be crucial for protection from severe disease in mouse models.

60
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67 Introduction:

68 The ability to quickly recognize and respond to pathogens is essential to host survival. 

69 The first opportunity to do so lies in the innate immune response. One of the most essential 

70 aspects of this response is the recognition of pathogen associated molecular patterns (PAMPs) 

71 on the invading pathogen by pattern recognition receptors (PRRs) within host cells [1]. This 

72 interaction leads to a number of molecular and cellular signals that serve to protect the host on 

73 cellular and organism levels. One such innate signaling system is the formation of 

74 inflammasomes which are intracellular multi-protein complexes that regulate an inflammatory 

75 type of cell death called pyroptosis, as well as, the production of mature forms of the 

76 inflammatory cytokines IL-1 and IL-18 [2]. Macrophages and myeloid dendritic cells (mDCs) 

77 are the primary producers of these potent pro-inflammatory cytokines, which drive type 1 

78 immunity in natural killer cells and T-cells [3].  The production of these cytokines requires two 

79 steps. The first step, sometimes referred to as priming, requires activation of the nuclear factor 

80 B (NF-B) pathway through the recognition of a PAMP leading to synthesis of components of 

81 the inflammasome, including pro-IL-1, pro-IL-18, and pro-caspase-1. The second step involves 

82 PRR activation, oligomerization, and assembly of the inflammasome. This takes place through 

83 one of multiple receptor or adapter proteins that recognize various PAMPs or danger-

84 associated molecular patterns (DAMP). These include members of the nucleotide-binding 

85 domain and leucine-rich repeat-containing receptors (NLR) family of proteins, absent in 

86 melanoma 2 (AIM2), and pyrin. NLRP3 responds to a diverse group of PAMPs and DAMPs, 

87 particularly viral RNA [4-7]. In contrast, AIM2 is activated after binding to cytoplasmic double 

88 stranded DNA (dsDNA) [8]. Recognition of an appropriate PAMP or DAMP by one of these 
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89 adapter proteins leads to apoptosis-associated speck-like molecule containing a caspase 

90 recruitment domain (ASC) assembly and oligomerization followed by pro-caspase-1 recruitment 

91 to the complex. Pro-caspase-1 autocatalyzation to active caspase-1 allows for cleavage of pro-

92 IL-1 and pro-IL-18 to their active forms, IL-1 and IL-18, and then secretion into the 

93 extracellular space (reviewed in [2,9,10]). There are multiple sensors and caspases that can 

94 lead to inflammasome cytokine release, but the caspase-1 pathway is thought to be the most 

95 relevant in viral infection [11,12].

96 A number of viruses are known to activate the inflammasome, including influenza, 

97 hepatitis C, HIV, and herpesviruses [10,13]. Herpes simplex virus type 1 (HSV-1) is a neurotropic 

98 alphaherpesvirus that predominantly infects epithelial cells and neurons, but has broad cell 

99 tropism [14]. Specifically, it can infect macrophages, which are one of the predominant cell 

100 types that infiltrate the eye after corneal infection and are a critical cell in the innate immune 

101 response to HSV-1 and other viruses [15-17]. Furthermore, monocytes/macrophage 

102 production of IL-1 and IL-18 is critical to prevent severe HSV disease in encephalitis, keratitis, 

103 and vaginal infection in mouse models [17-19]. Therefore, understanding how HSV-1 activates 

104 the inflammasome in these cells is key to developing a comprehensive view of HSV-1 

105 pathogenesis. A previous study demonstrated that the HSV-1 viral tegument protein VP22 

106 specifically blocks AIM2 inflammasome activation and signaling in the THP-1 

107 monocyte/macrophage cell line despite production of IL-1, leaving the mechanism of HSV-1 

108 activation of the inflammasome in these cells to be defined [20,21]. Thus, it remains unclear 

109 which adapters are required for HSV-1 induction of inflammasome activation in macrophages. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 7, 2019. ; https://doi.org/10.1101/796235doi: bioRxiv preprint 

https://doi.org/10.1101/796235
http://creativecommons.org/licenses/by/4.0/


6

110 Here, we report that HSV-1 activates inflammasome signaling, as measured by IL-18, in 

111 both primary human macrophages and THP-1 cells. Additionally, this activation requires NLRP3, 

112 ASC, and Caspase-1, but not AIM2 or IFI16.

113

114 Results:

115 HSV-1 activates the inflammasome in primary human monocyte derived macrophages

116 HSV-1 is known to activate the inflammasome in THP-1 cells, but the mechanisms is 

117 unknown and it has not been studied extensively in primary human macrophages [20,21]. To 

118 determine if HSV-1 is capable of activating the inflammasome in primary human monocyte 

119 derived macrophages (MDM), we inoculated both unstimulated macrophages (referred to as 

120 M0) and macrophages incubated for 24 hours with IFN (referred to as M1) [22,23] with HSV-1, 

121 media alone, or nigericin and LPS (a potent activator of the NLRP3 inflammasome [24]) and 

122 then measured IL-18 in supernatants 24 hours later. The M0 MDMs did not produce significant 

123 amounts of IL-18 after HSV-1 infection (Fig. 1a), but did in response to nigericin and LPS 

124 stimulation (Supp Fig. 1). However, IL-18 was detected after HSV-1 infection in the M1 MDMs 

125 (Fig. 1b). Additionally, in response to nigericin and LPS, M1s produced more IL-18 than M0s 

126 suggesting that IFN somehow “primes” MDMs for inflammasome activation (Supp Fig. 1). 

127 In order to ensure that this production of IL-18 was dependent on caspase-1, M1 MDMs 

128 were treated with VX-765, a caspase-1 specific inhibitor [25-27], prior to either infection with 

129 HSV-1 or treatment with nigericin and LPS. IL-18 levels in cell supernatants were reduced to 

130 levels not significantly different than background in the presence of VX-765, suggesting that this 

131 IL-18 production is due to canonical caspase-1 activation (Fig. 1c). To ensure that VX-765 was 
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132 neither toxic to the cells nor non-specifically interfering with HSV-1 sensing by the 

133 macrophages, the same supernatants were tested for TNF, which is produced by macrophages 

134 in response to HSV-1 infection [28]. There was no significant difference in the amount of TNF 

135 produced after HSV-1 infection of macrophages incubated with or without VX-765 (Fig. 1d).

136 To ensure that HSV-1 can replicate in macrophages exposed to IFN, M0 MDMs and M1 

137 MDMs were infected with HSV-1, culture supernatants were collected after 24 hours, and 

138 plaque forming units (PFU) were determined using a standard plaque assay. HSV-1 was capable 

139 of replicating in both resting macrophages and those exposed to IFN (Fig. 1e). These results 

140 demonstrate that IFN skewing does not prevent HSV-1 replication in macrophages.

141

142 NLRP3, ASC, and Caspase-1 are required for inflammasome activation in response to HSV-1

143 To confirm that HSV-1 is capable of activating the inflammasome in a 

144 monocyte/macrophage cell line so that dependence on specific inflammasome proteins could 

145 be assessed, THP-1 cells were primed with phorbol 12- myristate 13-acetate (PMA) overnight 

146 and then infected with HSV-1. IL-18 was measured in supernatants after 24 hours. As previously 

147 reported [29], THP-1 cells produced IL-18 after infection with HSV-1 (Fig. 2a).

148 Studies in keratinocytes and human foreskin fibroblasts (HFF) found roles for IFI16, 

149 NLRP3, and AIM2 in HSV-1 inflammasome activation [30,31]. Yet, monocytes/macrophages 

150 produce the majority of inflammasome related cytokines (IL-18 and IL-1) in other viral 

151 infections and play crucial roles in preventing the most severe manifestations of HSV infection 

152 in mouse models [13,32]. Therefore, to determine what inflammasome components are 

153 required for HSV-1 induced inflammasome activation in macrophages, we infected THP-1 cells 
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154 lacking various inflammasome proteins. These cells were constructed using the CRISPR-Cas9 

155 system and previously used to determine the requirements for human cytomegalovirus (HCMV) 

156 inflammasome activation in macrophages [33]. The HUMCYC cell-line (WT) was used to 

157 control for any off-target effects of the CRISPR-cas9 system. This line was derived from the 

158 same THP-1 cells, but targeted a human pseudogene (HUMCYCPS3). While HSV-1 infection of 

159 the WT, AIM2, and IFI16 THP-1 cells led to significant IL-18 production, infection of NLRP3, 

160 caspase-1, and ASC cells resulted in levels of IL-18 that were not significantly different from 

161 mock infection (Fig 2b). The combination of nigericin with LPS was used as a positive control. As 

162 expected, IL-18 concentrations in supernatants from cells lacking NLRP3, ASC, and caspase-1 

163 were not above background after nigericin and LPS exposure. These results indicate that HSV-1 

164 induced inflammasome activation with IL-18 production and release in macrophages is 

165 dependent on ASC, caspase-1, and NLRP3, but not on the dsDNA sensors IFI16 or AIM2. 

166

167 UV-Irradiated HSV-1 Increases Inflammasome Activation

168 The HSV-1 tegument protein VP22 blocks activation of the AIM2 inflammasome [21] 

169 and; therefore, it is unsurprising that we failed to find a dependence on AIM2. However, it is 

170 possible that HSV-1 has evolved multiple mechanisms to alter inflammasome activation. To test 

171 this hypothesis, we infected M0 and M1 MDMs with HSV-1 or UV irradiated HSV-1 (HSV-1/UV). 

172 Interestingly, HSV-1/UV did lead to IL-18 production in M0 macrophages (Fig. 3a). This result 

173 suggests that M0 macrophages are capable of inflammasome formation in response to HSV-1, 

174 but that a viral factor that is produced during the replication cycle (such as VP22) inhibits this 

175 activation. When tested in M1 macrophages, HSV-1/UV led to significantly increased IL-18 
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176 production compared to HSV-1 (Fig 3b). These data suggest that when macrophages are 

177 skewed toward an inflammatory state with IFN, a cellular factor is either produced or 

178 upregulated that counteracts the inhibitory mechanism(s) of the virus in M0 macrophages. 

179 However, replication of the virus does continue to lead to some downregulation of 

180 inflammasome activation in IFN-primed macrophages because HSV-1/UV led to increased IL-18 

181 production versus HSV-1. One explanation for this phenomenon is that UV-irradiating the virus 

182 eliminates sufficient production of VP22 such that AIM2 is able to sense the viral DNA and 

183 trigger inflammasome formation in M0s. Whereas the replication competent virus inhibits 

184 AIM2 via VP22, the M0s lack additional factor(s) required to trigger inflammasome signaling in 

185 response to HSV-1. After skewing with IFN, HSV-1 infection leads to inflammasome formation 

186 through a non-AIM2 dependent mechanism and HSV-1/UV is able to trigger inflammasome 

187 signaling through both AIM2 dependent and non-AIM2 dependent mechanisms. 

188 To determine if HSV-1 replication in macrophages results in inhibition of any non-AIM2 

189 inflammasome proteins, we tested HSV-1/UV infection of the THP-1 cells lacking AIM2 and 

190 NLRP3. In order to more closely replicate the MDM model with IFN stimulation, in this 

191 experiment the cells were stimulated with PMA and then either infected directly or stimulated 

192 with IFN for an additional 24hrs and then infected (Fig 4). Similar to what was seen in the 

193 MDM model, the THP-1 cells that received PMA alone produced only small amounts of IL-18 in 

194 response to HSV-1, but significantly more in response to HSV-1/UV. Furthermore, the WT, 

195 AIM2, and NLRP3 cells primed with PMA alone all showed a similar increase in IL-18 

196 production in response HSV-1/UV compared to replication competent HSV-1 (Fig 4a). 

197 Interestingly, after the addition of IFN, HSV-1 infection led to significant IL-18 production in the 
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198 WT and AIM2 cells, with even greater IL-18 produced with exposure to HSV-1/UV. Again, the 

199 NLRP3 cells did not produce IL-18 in response to HSV-1, but did produce a modest, but 

200 statistically significant, amount of IL-18 after infection with HSV-1/UV (Fig 4b). These data 

201 confirm our findings in the MDMs that HSV-1 infection of unstimulated macrophages does not 

202 lead to inflammasome activation. Further, they support the hypothesis that replication 

203 competent HSV-1 is capable of decreasing both AIM2- and NLRP3 dependent inflammasome 

204 activation because UV irradiating the virus led to significant increases in IL-18 release in both 

205 the AIM2 and NLRP3 lines. 

206

207 Discussion:

208 In this study, we demonstrate for the first time that HSV-1 induces IL-18 production and 

209 activation of inflammasomes in primary human macrophages stimulated with IFN through a 

210 caspase-1 dependent process. UV irradiating the virus prior to infection also leads to IL-18 

211 production in unstimulated primary macrophages, but replication competent HSV-1 does not 

212 result in IL-18 release without pre-treatment with IFN. Furthermore, using THP-1 cell lines, we 

213 show that HSV-1 induced inflammasome activation is dependent on NLRP3, ASC, and caspase-1. 

214 By comparing HSV-1 and HSV-1/UV in these THP-1 cells, we also provide evidence that HSV-1 is 

215 capable of decreasing inflammasome activation through AIM2 and NLRP3 dependent 

216 mechanisms. Additionally, our data indicate that a cellular factor is upregulated in macrophages 

217 stimulated with IFN that allows for activation of the inflammasome after HSV-1 infection. 

218 While we do not know what factor is modulated, it is unlikely that it is NLRP3 itself as prior 

219 studies have demonstrated no significant increases in NLRP3 expression in macrophages after 
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220 skewing with IFN [23,34]. Finally, activation of the inflammasome in macrophages does not 

221 prevent viral replication as measured by plaque assay on macrophage culture supernatants 24 

222 hours after infection with HSV-1.

223 Although a previous study suggested that HSV-1 infection of primary human 

224 macrophages does not lead to inflammasome activation [35], the macrophages in that study 

225 were only stimulated with the TLR2 agonist Pam3Cys and not IFN. Our data in M0-like MDMs 

226 showing that HSV-1 infection failed to induce IL-18 secretion are in agreement with this 

227 previous study. HSV-1 has been reported to stimulate multiple inflammasome adapter proteins 

228 in non-macrophage cell types. In HFFs, HSV-1 was shown to stimulate inflammasome activation 

229 through NLRP3 and IFI16 [31] and in keratinocytes it was suggested that HSV-1 activates via 

230 NLRP3, IFI16, and AIM2 [30]. However, in our study we found that HSV-1 inflammasome 

231 activation in macrophages is dependent on NLRP3 and not IFI16 or AIM2. It is possible that 

232 different cell types utilize different inflammasome signaling mechanisms in response to 

233 pathogens and that HSV-1 does activate the inflammasome through IFI16 or AIM2 in non-

234 macrophage cells. A recent study in which wild-type THP-1 cells were infected with several 

235 strains of HSV-1 showed that more virulent strains of HSV-1 induced more mature IL-18 

236 (measured by western blot) and that multiple inflammasome adapter proteins were 

237 upregulated after HSV-1 infection, including NLRP3, NLRP6, NLRP12, and IFI16 [18]. However, it 

238 is known that HSV-1 infection leads to upregulation of multiple pro-inflammatory genes and; 

239 therefore, increased expression of these inflammasome related proteins does not necessarily 

240 indicate that inflammasome signaling is taking place through these adapters [35-37]. Although 

241 CMV, a closely related herpesvirus, was recently discovered to activate the inflammasome 
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242 through AIM2 [33], initial studies on HSV-1 inflammasome activation in macrophages did not 

243 find a dependence on AIM2 [20]. This finding was explained by the discovery that VP22 

244 specifically inhibits the interaction between AIM2 and the HSV genome [21]. In agreement with 

245 these studies, our current investigation found that AIM2 was not required for HSV-1 to activate 

246 the inflammasome in THP-1 cells. Moreover, UV-irradiated HSV-1 led to more IL-18 production, 

247 suggesting more robust inflammasome signaling in response to UV-irradiated HSV-1 in both 

248 IFN stimulated and unstimulated macrophages. UV-irradiated virus is unable to produce de-

249 novo VP22 and therefore the virus is able to activate the inflammasome both through AIM2 and 

250 NLRP3. To further support this, while the NLRP3 THP-1 cells did not produce IL-18 in response 

251 to HSV-1, they did after UV-irradiating the virus. In this condition, there is insufficient VP22 

252 present to inhibit AIM2 and thus the macrophages are able to sense the HSV-1 genome via 

253 AIM2. Interestingly, UV-irradiating HSV-1 prior to infection also led to a robust increase in IL-18 

254 release in the AIM2 THP-1 cell line compared to WT virus. If the VP22-AIM2 interaction is the 

255 only mechanism by which HSV-1 is capable of inhibiting inflammasome activation, we would 

256 expect there to be no difference in IL-18 production between AIM2 cells infected with 

257 replication competent HSV-1 or UV-irradiated HSV-1 because AIM2 is not present. However, we 

258 found that UV-irradiating the virus led to an increase in IL-18 in AIM2 THP-1 cells, suggesting 

259 that the virus has evolved other mechanisms to inhibit inflammasome activation in 

260 macrophages that are not AIM2 dependent. Having multiple mechanisms of evastion highlights 

261 the importance of the role of inflammasome activation in macrophages to control HSV-1. 

262 The primary limitation of our study is that it was restricted to primary macrophages and 

263 macrophage-like cell lines. As discussed, our data support that HSV-1 is capable of activating 
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264 more than one inflammasome signaling adapter and the signaling pathway may differ 

265 depending on the cell type studied. Therefore, we cannot draw conclusions regarding the 

266 interaction between HSV-1 and IFI16 or other inflammasome related proteins in all cell types 

267 that the virus is capable of infecting. However, macrophages are a crucial cell type in 

268 inflammasome activation and HSV-1 control in murine models, prompting our focus on this cell 

269 type.  Additionally, the present studies were centered on human cells and cell lines and we did 

270 not investigate these inflammasome proteins in other species or whole animal models. A prior 

271 study in mice showed that HSV-1 causes more severe keratitis after corneal infection in NLRP3 

272 KO mice compared to WT [38]. This suggests that regulation of this pathway is central to the 

273 delicate balance between viral control and excessive tissue damage. 

274 In summary, we have demonstrated that HSV-1 infection leads to production of IL-18 

275 through canonical caspase-1 inflammasome activation in primary human macrophages. This 

276 process is dependent on the inflammasome proteins NLRP3, ASC, and caspase-1. Furthermore, 

277 our data demonstrate that HSV-1 replication partially inhibits NLRP3 dependent inflammasome 

278 activation in human cells.

279

280 Materials and Methods:

281 Cells and Viruses

282 HSV-1 strain KOS was the generous gift of Richard Longnecker (Northwestern 

283 University). Virus was propagated in Vero cells (also a gift from Richard Longnecker, 

284 Northwestern University) cultured in Dulbecco’s modification of Eagle medium with 1% fetal 

285 bovine serum (DMEV) as previously described [39,40]. Standard plaque titrations to determine 
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286 viral titers were performed on confluent monolayers of Vero cells. For UV activation the 

287 inoculum was dispensed in a sterile basin in a biosafety cabinet with a UV lamp source (Sankyo 

288 Denki G30T8) and irradiated for 30 minutes. Virus inactivation was confirmed by standard 

289 plaque assay. Titer decrease of  106 PFU/mL was considered successful. Cells were incubated 

290 at 37°C and 5% CO2 unless otherwise stated. Vero cells were the generous gift of Richard 

291 Longnecker (Northwestern University) and were maintained in Dulbecco’s modification of Eagle 

292 medium with 10% fetal bovine serum and 1% penicillin/streptomycin (DME). PBMCs were 

293 isolated by Ficoll-Hypaque gradient centrifugation. Primary monocytes were magnetically 

294 sorted by negative isolation per the manufacturer’s specifications (Miltenyi Biotec, Somerville, 

295 Massachusetts) and cultured in RPMI 1640 (Invitrogen, Waltham, Massachusetts) with 10% 

296 heat-inactivated fetal bovine serum, 1% Penicillin/Streptomycin, L-glutamine (2mM) and 50 

297 ng/mL of recombinant human M-CSF (R&D Systems, Minneapolis, Minnesota) for 6 to 7 days to 

298 differentiate them to macrophages [41]. Adherent macrophages were washed with sterile PBS 

299 and then incubated with the non-enzymatic cell disassociation media, CellStripper (Corning, 

300 Tewksbury, Massachusetts), for 30 minutes at 37C and 5% CO2 followed by counting, 

301 centrifugation at 400g for 5 min, and plating at a density of 3x105 cells/well in a sterile U-

302 bottom 96-well plate (unless otherwise stated). For M1 differentiation, macrophages were 

303 cultured overnight in RPMI 1640 with 10% heat-inactivated fetal bovine serum, 1% 

304 Penicillin/Streptomycin, L-glutamine (2mM), and IFN (25ng/mL) (Peprotech, Rocky Hill, New 

305 Jersey) [34]. M0 macrophages were cultured in the same base media, but without IFN. The 

306 generation of the THP-1 cells was well described previously [33]. THP-1 cells were maintained in 

307 RPMI 1640 media, 10% heat-inactivated fetal bovine serum, 1 % MEM nonessential amino 
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308 acids, 1% Penicillin/Streptomycin, sodium pyruvate, and L-glutamine (2mM) at a density of 

309 5x105 – 2x106 cells/mL. To differentiate into macrophages THP-1 cells were plated at a density 

310 of 3x105 cells/well in a sterile U-bottom 96-well plate and stimulated overnight in RPMI 1640 

311 media, 2% heat-inactivated fetal bovine serum, 1% Penicillin/Streptomycin, L-glutamine (2mM), 

312 and phorbol 12-myristate 13-acetate (PMA) 100 ng/mL (unless otherwise stated). 

313

314 Infections and Inflammasome Activation

315 Unless otherwise stated, all infections were carried out at a multiplicity of infection 

316 (MOI) of 10. For both HSV-1 infection and nigericin stimulation, media was gently aspirated 

317 from the cell culture wells containing the indicated cells and replaced with RPMI 1640 media 

318 containing 2% heat-inactivated fetal bovine serum (R2) and either HSV-1 (at a MOI of 10), 

319 nigericin (5uM) (MilliporeSigma, Burlington, Massachusetts) and LPS (1ug/mL), or no additional 

320 reagents (mock/media control). Twenty-four hours later supernatant was removed and used 

321 for downstream assays. To measure viral progeny produced in macrophages (Fig 4), 

322 macrophages were plated in sterile 12-well culture dishes at a density if 5x105 cells/well. Media 

323 was aspirated and replaced with HSV-1 strain KOS in R2 and incubated at 37C for 1 hr. The 

324 inoculum was aspirated, cells were washed with sterile phosphate-buffered saline (PBS), 

325 washed with a citrate solution (pH 3) to inactivate any viral particles that had not entered, and 

326 fresh warm R2 was added back to the cells. 24 hours later cell culture media was harvested and 

327 PFU were determined as described above.

328

329
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330 IL-18 and TNFa Measurements

331 Human IL-18 and TNF were measured with the human IL-18 ELISA Kit (MBL, Woburn, 

332 Massachusetts) and human TNF ELISA Kit (ThermoFisher, Waltham, Massachusetts) according 

333 to the manufacturers’ instructions using cell culture supernatant at a 1:5 dilution. The lower 

334 limit of detection was 12 pg/mL for IL-18 and 7.8 pg/mL for TNF. Data were acquired on a 

335 SpectraMax M2. Results were analyzed using R. Unless otherwise stated, all measurements 

336 were normalized to the average of the media control for each experiment.

337

338 Ethics Statement

339 For experiments involving primary human macrophages, deidentified human blood 
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354 Figure 1.  HSV-1 Activates Inflammasomes in Primary Human Macrophages.

355 A and B. Primary human MDMs cultured without (M0 A) or with IFN (M1 B) were infected with 

356 HSV-1 or mock infected for 24 hours. Cell culture supernatants were collected and assayed for 

357 IL-18. C and D. Primary human MDMs stimulated with IFN were cultured in media alone or 

358 media containing 100 ug/mL of VX-765 (Invivogen, San Diego, California) and then inoculated 

359 with HSV-1, nigericin and LPS (Ng+LPS), or media as outlined in Materials and Methods for 24 

360 hours. Cell culture supernatants were collected and assayed for IL-18 (C) and TNF (D). 

361 E. MDMs cultured without (M0) or with IFN (M1) were infected with HSV-1 for 1 hour followed 

362 by citrate wash to inactivate any extracellular virus. Supernatants were collected 24 hours later 

363 and PFU were determined via standard plaque assay on Vero cells. Differences between groups 

364 indicated by brackets were determined by a student’s t-test. NS, *,**,*** indicate p-values  

365 >0.05, <0.05, <0.01, <0.001, respectively.

366

367 Figure 2.  HSV-1 Inflammasome Activation in THP-1 Cells is Dependent on NLRP3, ASC, and 

368 Caspase-1.

369 A. THP-1 cells were stimulated overnight with PMA (100 ng/mL) and then inoculated with HSV-

370 1, nigericin and LPS (Ng+LPS), or media, as outlined in Materials and Methods, for 24 hours. Cell 

371 culture supernatants were collected and IL-18 was measured via ELISA. B. THP-1 cells with the 

372 indicated gene disrupted via CRISPR-cas9 () were stimulated overnight with PMA and then 
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373 inoculated with HSV-1, nigericin and LPS (Ng+LPS), or media for 24 hours before IL-18 was 

374 measured in cell supernatants. HUMCYC cells are labeled as “WT.” Differences between 

375 groups indicated by brackets were determined by a student’s t-test. NS, *,**,*** indicate p-

376 values  >0.05, <0.05, <0.01, <0.001, respectively.

377

378 Figure 3 IL-18 in MDMs After Infection with UV-Irradiated HSV-1

379 A and B. Primary human MDMs cultured without (M0 A) or with IFN (M1 B) were infected with 

380 HSV-1, UV irradiated HSV-1 (HSV-1/UV), or mock infected for 24 hours. Cell culture 

381 supernatants were collected and assayed for IL-18. Differences between indicated conditions 

382 within a cell type were determined by a one-way ANOVA with Tukey HSD post-hoc analysis. NS, 

383 *,**,*** indicate p-values  >0.05, <0.05, <0.01, <0.001 respectively.

384

385 Figure 4 IL-18 in THP-1 Cells After Infection with UV-Irradiated HSV-1

386 A. THP-1 cells were stimulated overnight with PMA (5 ng/mL) and then inoculated with HSV-1, 

387 UV irradiated HSV-1 (HSV-1/UV), or mock infected for 24 hours. Cell culture supernatants were 

388 collected and IL-18 was measured via ELISA. B. THP-1 cells were stimulated with PMA (5 ng/mL) 

389 and then with IFN (25 ng/mL) the following day for 24 hours prior to inoculation with HSV-1, 

390 UV irradiated HSV-1 (HSV-1/UV), or media alone for 24 hours. Cell culture supernatants were 

391 collected and IL-18 was measured via ELISA. HUMCYC cells are labeled as “WT.” Differences 

392 between indicated conditions within a cell type were determined by a one-way ANOVA with 

393 Tukey HSD post-hoc analysis. NS, *,**,*** indicate p-values  >0.05, <0.05, <0.01, <0.001 

394 respectively.
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403 FIGURE 3.
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405

406 FIGURE 4.
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566 Supporting Information Legends

567 Supplemental Figure 1. Nigericin Activates Inflammasomes in Primary Human Macrophages.

568 Primary human MDMs cultured without (M0 left panel) or with IFN (M1 right panel) were 

569 incubated with nigericin and LPS (Ng+LPS), or media, as outlined in Materials and Methods, for 

570 24 hours. Cell culture supernatants were collected and assayed for IL-18. Differences between 

571 groups indicated by brackets were determined by a student’s t-test. NS, *,**,*** indicate p-

572 values  >0.05, <0.05, <0.01, <0.001, respectively.

573
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