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Abstract

Some viruses, including human cytomegalovirus (HCMV), induce the synthesis of fatty
acids and lipids to ensure that the lipid environment of infected cells supports virus
replication. HCMV infection broadly reprograms metabolism to ensure central carbon
metabolism provides the metabolites required for anabolic synthesis of nucleotides,
proteins, and lipids while also meeting the energy demands placed on the infected cells.
While HCMV infection increases the levels of most very long chain fatty acids (VLCFA),
we found that the levels of erucic acid (EA), a C22:1 monounsaturated VLCFA, are
reduced. Treating infected cells with EA disrupted a late step in virus replication,
resulting in the release of virions with reduced infectivity. Moreover, we used lipidomics
to determine that EA-treated cells had elevated levels of lipids containing a combination
of a C22:1 tail and a VLC polyunsaturated fatty acid tail (VLC-PUFA). We demonstrate
that fatty acid elongase 5 (ELOVL5) mediated production of VLC-PUFAs is stimulated
by HCMV infection. ELOVLS5 aided the increase in lipids with C22:1 plus VLC-PUFA
tails following EA treatment and reduced the overall level of C22:1 in HCMV-infected
cells. Moreover, we found that ELOVL5 mollified EA inhibition of HCMV replication,
suggesting ELOVLS5 plays a critical role in reducing the level of an endogenous FA with
antiviral properties. Our study provides insight into how infection may increase the
synthesis of an antiviral metabolite or FA and how the virus may evade their antiviral

effect by promoting their metabolism.
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Introduction

Lipids and fatty acids (FAs) are essential building blocks for viral infection,
including human cytomegalovirus (HCMV). HCMV is a herpesvirus that infects 60-90%
of the population worldwide [1, 2]. While life-long persistent infections are typically
asymptomatic in healthy individuals, the virus causes life-threatening illnesses in
immunocompromised people, including organ transplant recipients and cancer patients
[1, 2]. HCMV is also a leading cause of congenital infection and developmental
disabilities [3-5]. Current treatments include inhibitors of the viral DNA polymerase, such
as ganciclovir [6]. However, the current treatments are poor options due to low
bioavailability or toxicity [7]. Resistance mutations to some drugs occur in several
HCMV genes, further limiting the current treatment options [6].

Since viruses do not encode a complete metabolic network, they rely on host
cells to provide for their metabolic needs during replication. The dependency on host
metabolism is a weakness that the host can exploit to suppress viruses like HCMV.
Following infection, HCMV induces lipid synthesis, elevating the levels of those with
very long chain fatty acid tails (VLCFAs) [8-10]. VLCFAs that contain no double bond
with 26 or more carbons in the FA acyl chain are necessary for HCMV replication [10,
11]. Saturated C16:0 FA chains are made by FA synthase, after which FA elongases
(ELOVLs) can add subsequent carbons, and FA desaturases can introduce double
bonds into the hydrocarbon tail. There are seven human ELOVLs, ELOVL1-7. Each
ELOVL elongates FAs depending on their length and double bond content. For
example, ELOVLS elongates 2C18 FAs that have two or more double bonds in the

hydrocarbon chain (i.e., polyunsaturated FAs; PUFASs) [12, 13]. In comparison, ELOVL7
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generates saturated and monounsaturated VLCFAs [10, 14, 15]. Elongated FAs can be
used as substrates to support lipid synthesis.

HCMV infection increases the expression of all seven ELOVLs [8, 10, 11].
Infection shifts the host lipidome, increasing the amount of lipids that contain VLCFA
tails. HCMV reprograms metabolism through several mechanisms including, but not
limited to, activating sterol regulatory-element binding proteins (SREBPs) and protein
kinase R (PKR)-like ER kinase (PERK), and inactivating tuberous sclerosis complex 2
(TSC2) [8, 16-20]. The process involves several viral factors, including pUL37x1,
pUL38, and pUL13 [21-23]. Studies of HCMV-host metabolism interactions have
focused primarily on understanding how metabolism supports virus replication, including
investigations into fatty acid (FA) synthesis and elongation. Saturated VLCFAs support
virus replication [10, 11], but the role of very long chain polyunsaturated FAs (VLC-
PUFAs) has yet to be examined even though the synthesis of saturated VLCFAs and
VLC-PUFAs are balanced in HCMV infection [8]. HCMV infection elevates the levels of
lipids with VLC-PUFA tails, suggesting that they may have potential roles during virus
replication [8, 23]. Moreover, some FAs may have antiviral activity [24-28].

In this study, we aimed to better understand the role of FAs in HCMV replication, either
supportive or inhibitory. Consistent with previous observations, we found that HCMV
infection increases the levels of most VLCFAs. However, we also noted that one
monounsaturated VLCFA, C22:1 erucic acid (EA), was decreased in HCMV infected
cells. EA is a key component of Lorenzo’s oil for treating X-linked adrenoleukodystrophy
(X-ALD) patients [29]. Further, EA was reported to reduce influenza A virus (IAV)

replication [28]. We found that EA reduces late replicative steps, causing the release of
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81  particles with reduced infectivity. EA treatment alters the lipidome of infected cells,

82 increasing the levels of lipids with a C22:1 tail and VLC-PUFA tail. We generated

83  ELOVLS knockout cells (ELOVL5-KO) to determine its role in elongation of VLC-PUFAs
84  during virus replication and its contribution to the generation of lipids containing C22:1
85 and VLC-PUFA tails following EA treatment. As expected, the loss of ELOVLS caused a
86 reduction of VLC-PUFAs and lipids that contain them in their tails. ELOVLS does not

87 use EA as a substrate or product in its elongation reaction; thus, it was unexpected to
88 find that EA levels were lower in ELOVL5-depleted cells. Moreover, our experiments

89 reveal that HCMV is more sensitive to EA treatment in ELOVL5-KO cells, suggesting

90 that ELOVLS5 promotion of lipids with C22:1 plus VLC-PUFA tails suppresses EA

91 inhibition of HCMV. Overall, our investigation demonstrates that HCMV-induced lipid

92  metabolism may both increase VLCFAs necessary for virus replication and reduce an
93 antiviral.

94

95 Results

96 Erucic acid (EA) reduces HCMV replication.

97 Some metabolites, including fatty acids (FA), can reduce virus replication in a

98  concentration dependent manner. Here, we tested if HCMV infection affects the FA

99  composition of a cell and whether a FA metabolite can impede HCMV replication. First,
100 we defined FA changes that occur in response to HCMV infection by performing FA
101  analysis using liquid-chromatography high-resolution mass spectrometry (LC-MS). We
102  compared FAs in uninfected (mock-infected) human foreskin fibroblast cells (HFFs) to
103  those infected with TB40/E at a multiplicity of infection (MOI) of 3 infectious unit (IU) per

104  cell. The conditions used in our study are fully confluent, serum-starved primary


https://doi.org/10.1101/2025.03.31.646481
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.31.646481; this version posted March 31, 2025. The copyright holder for this preprint
(which was not 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 aCC-BY-NC-ND 4.0 International license.

105 fibroblasts, similar to the previous studies examining lipid metabolism following HCMV
106 infection [8, 10, 23, 30-33]. These conditions enable us to remove any FAs or lipids that
107 may be present in fetal bovine serum (FBS), thereby reducing the possibility that they
108 may be measured in our assays. We identified and quantified the relative abundance of
109  FAs ranging in length from 16 to 34 carbons (C16-C34). The relative abundance of most
110 FAs was either increased or remained unchanged by infection (Figure 1A). The FAs that
111 were more abundant in HCMV-infected cells than in uninfected cells were typically 2C26
112 very long-chain FAs (VLCFAs), which we have previously studied [8, 10, 11, 23]. As we
113 have previously noted, several of the FAs increased in HCMV infection were saturated
114  or monounsaturated (e.g., C24:0, C24:1, C26:0, C26:1, C28:0, C28:1, C30:0, C30:1,
115  C32:1, and C34:1). In contrast, the monounsaturated VLCFA C22:1 was reduced by

116 infection (Figure 1A-B). We confirmed this observation in the lab-adapted AD169 HCMV
117  strain (Figure 1B and S1). Both HCMV strains reduced EA by approximately 2.5-fold

118 relative to mock-infected cells. C22:1 with a double bond at the w9 position is called

119  erucic acid (EA) or cis-13-docosenoic acid.

120 EA was reduced in the serum of two patients infected with influenza A (IAV

121 H7N9) [34]. Moreover, EA treatment reduces IAV replication in A549 cells and mice

122 [28]. We determine whether EA can also reduce HCMYV replication. Based on the 1AV
123  observations, we hypothesized that EA treatment would reduce HCMV replication. First,
124  we tested if EA is toxic to the cells used in our experiments by treating HFF cells with
125  EA from 0-50 yM. We found that HFFs survived EA treatment up to 50 uM, the highest
126  concentration we tested, suggesting that EA was not toxic to uninfected cells at 50 yM

127  (Figure 1C). Mock-treated control cells were treated with vehicle only, 0.5% ethanol with
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128 FA-free BSA carrier. Next, we tested our hypothesis by infecting HFF cells with TB40/E
129 at MOI 1. At 1 hpi, we washed the cells and added fresh growth medium containing 0 to
130 50 uM EA. At 48 hpi, the medium was replenished and supplemented with fresh EA. At
131 120 and 144 hpi, we collected the medium and measured the amount of infectious virus
132 released into the supernatant. At 120 and 144 hpi, EA reduced the titers of HCMV by
133 ~10-fold at 25 pM (Figure 1D). EA treatment at 50 uM resulted in no measurable

134  infectious virus at 120 hpi and reduced virus titers by 22.5 logs at 144 hpi (Figure 1D).
135  Overall, we conclude that HCMV infection reduces EA levels, an endogenous FA with
136  antiviral properties.

137

138  EA disrupts the late stage of HCMV replication.

139 Since EA treatment at 25 yM and 50 uM reduced HCMYV titers, we investigated if
140 EA treatment disrupted an immediate-early (IE), early (E), or late (L) replication step.
141 We did so by examining proteins in each of these three kinetic classes of replication.
142 The levels of IE1 protein were unaffected by EA treatment (Figure 2A and S2A). The
143  levels of early proteins pUL26 and pUL44 were minimally altered by EA treatment, only
144  pUL26 was statistically reduced at 72 hpi (Figure 2A and S2A). However, we found that
145 late viral proteins pp28 and pp71 were reduced by approximately half in EA-treated cells
146 compared to control cells by 72 hpi (Figure 2A-B).

147 We further examined HCMV replication to determine if EA treatment disrupts an
148  early-to-late transition step. Late gene expression depends on viral genome replication,
149  suggesting that the reduction in late protein levels by EA treatment is due to loss in

150 HCMV genome synthesis initiated in the early stage. We tested this possibility by
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151  determining HCMV genome levels following EA treatment. We found that the levels of
152  viral genomes were similar in control and 50 yM EA treated cells, demonstrating that
153  viral genome replication occurs unimpeded in the presence of EA (Figure 2C).

154

155  EA inhibits virus replication independent of NF-kB activation.

156 The antiviral and anti-inflammatory effects of EA in IAV infection were attributed
157  to inactivation of NF-kB signaling [35]. NF-kB is a transcription factor that plays a key
158  role in regulating immune responses to infection, cytokine production, cellular

159  metabolism, and cell survival. We tested if EA inhibition of HCMV replication could also
160 involve NF-kB signaling. To address this question, we measured NF-kB activity in the
161  nuclei of HCMV infected cells following EA treatment. Cells were EA or vehicle-treated
162 at 1 and 48 hpi, followed by extraction of the nuclear and cytosolic fractions at 72 hpi.
163  We evaluated the separation of nuclear and cytosolic fractions by western blotting for
164  tubulin (cytosolic marker) and lamin B (nuclear marker). We observed that tubulin was
165 present in the cytoplasmic fraction while absent in the nuclear fraction (Figure S3A).
166  Conversely, lamin B was observed in the nuclear fraction (Figure S3A), demonstrating
167  that our cellular fractionation protocol was successful. Next, we examined the ability of
168  nuclear NF-kB to bind double-stranded DNA (dsDNA) using an ELISA. In this assay,
169 NF-kB (p65) in the nuclear fraction was measured after it was bound to dsDNA

170  sequence of the NF-kB response element. We observed that nuclear NF-kB levels were
171 similar in cells treated with 5-50 uM EA to the level observed in untreated infected cells

172 (Figure S3B). Our results demonstrate that EA treatment has little impact on NF-kB in
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173  HCMV-infected cells, suggesting that EA treatment inhibits HCMV replication

174  independent of NF-kB.

175

176  EA treatment alters the lipidome.

177 HCMV replication depends on lipid synthesis, including FA metabolism [8, 10, 20,
178 23, 31]. Since EA is a FA, we determined if EA treatment disrupts the lipidome. First, we
179 identified the effects of EA on the lipidome of uninfected cells. Here, we treated cells

180  with 50 uM EA or mock-treated with vehicle for 72 h with EA re-feeding at 48 h to mimic
181  the conditions used in infection. We extracted the lipids and performed lipidomics using
182  liquid chromatography high-resolution tandem mass spectrometry (LC-MS/MS). For our
183  analysis, we normalized lipids by cell number prior to determining the abundance of

184 lipids in EA-treated cells relative to untreated cells. We observed that EA treatment

185 altered the relative abundance of lipids in each of the major classes of phospholipids
186  that were measured (Figure 3A). We found that the levels of 34 lipids (first column in the
187 heatmap) were increased by EA treatment by 2.5-fold or greater (Figure 3A). Of the

188 lipids increased by EA treatment, many had a sum total of 38 or more carbons among
189 their two fatty acyl tails (Figure 3A). Moreover, we noted that these lipids typically had 1-
190 2 double bonds among their two tails. Since EA is a C22:1 monounsaturated VLCFA,
191  our observations suggest that EA treatment promotes the increase of lipids containing
192  VLCFA tails with 1-2 double bonds. Additionally, we found that EA treatment reduced
193 the relative abundance of 30 lipids by at least 40% (Figure 3A, last column). Notably,
194 EA treatment decreased lipids with 36 or fewer carbons in their tails. Together, these

195 findings demonstrate that a shift of the lipidome from lipids with shorter tails to longer
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196 tails occurs under EA treatment in uninfected cells. Our lipidomic findings further

197  suggest that the exogenously fed EA molecules are entering lipid synthesis pathways to
198  be incorporated into lipids, resulting in an increase in the number of lipids with VLCFA
199 tails while reducing those with shorter tails.

200 After examining the effects of EA treatment on the lipidomic profile of uninfected
201 cells, we determined the impact of EA treatment on the lipidome of HCMV-infected

202  cells. As with the uninfected cells, EA treatment in HCMV-infected cells induced a shift
203 in the host lipidome (Figure 3B). Again, EA treatment increased the relative abundance
204  of phospholipids with tails that had a total of 38 or more carbons and 1-2 double bonds.
205  Additionally, treatment in HCMV-infected cells resulted in lower levels of lipids with

206  shorter tails, i.e., those that have a total <36 carbons among the two tails. We identified
207  the tails of the lipids significantly reduced by EA-treatment. All of these lipids, except for
208 three, PS(42:1), PE(48:7), and PG(38:7), lacked a C22:1 tail (Table S1). Together,

209 these findings demonstrate that treating EA to uninfected and HCMV-infected cells

210 generally increases the level of lipids with a C22:1 tail and reduces those lacking a

211 C22:1 tail.

212 Next, we investigated the possibility that EA molecules are fed into the lipid

213 synthesis pathway following treatment by identifying the tails of the lipids increased

214  most by EA treatment. The tail identification was done using MS/MS fragmentation of
215  the lipids that were increased by 22-fold in EA treatment. Of these 34 lipids, we

216  observed a C22:1 tail in 31 of them (Table 1). This was the case in both uninfected and
217  HCMV-infected cells and provides additional support that treatment promotes an

218 increase in the level of lipids containing an EA tail.
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219 In addition to the alterations in the cellular lipidome described above, we also
220 noted that EA-treatment impacted the levels of several lipids with polyunsaturated

221 (PUFA) tails (Table 1). PUFAs contain two or more double bonds in the hydrocarbon
222 chain. While some lipids with a total of 3-4 double bonds were increased by EA-

223 treatment, we also found that lipids with 5-7 double bonds were elevated in uninfected
224 and HCMV-infected cells (Figure 3 and Table 1). AlImost half of the lipids significantly
225 increased by EA-treatment contained a PUFA tail (Table 1). Moreover, 15 of the 31

226 lipids that contained an EA tail also had a PUFA tail, suggesting that the synthesis of
227  PUFAs may also promote the incorporation of EA into lipids.

228

229  HCMV infection elevates fatty acid elongase 5 (ELOVLY5).

230 Since we previously demonstrated that lipids with saturated or monounsaturated
231 VLCFAs are increased by HCMV infection [8, 10, 23], we decided to focus on the

232 observation that some lipids with an EA tail also have a very-long chain PUFA (VLC-
233  PUFA) tail (Table 1). Prior to attachment to a lipid backbone, shorter chain PUFAs are
234  elongated by fatty acid elongases (ELOVLs). ELOVLZ2, 4, and 5 elongate PUFAs to

235  produce VLC-PUFAs. A screen of all seven ELOVLs suggested that ELOVLS may be
236 important to HCMV infection [10] and we previously demonstrated that HCMV infection
237 increases ELOVLS levels [8]. Thus, we investigated if there is a relationship between
238  EA and ELOVLS regarding HCMV replication and lipidome remodeling. However, before
239  we can better understand if ELOVLS impacts PUFA metabolism in EA treatment and its

240 antiviral properties, we must determine if ELOVLS plays a role in HCMV replication.
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241 While it is known that ELOVLS protein levels are increased during the late stages
242 of HCMV replication [8], the levels of ELOVLS5 protein during earlier stages of virus

243  replication have not been evaluated. We measured the protein level of ELOVL5 from 4
244 to 144 hpi after infecting fibroblast cells at MOI 1 with TB40/E-GFP. ELOVLS5 protein
245 levels increased by 48 hpi and remained elevated through 144 hpi (Figure 4A).

246 Since infection promotes ELOVLS levels, we investigated if it supports HCMV
247  replication. We generated ELOVL5 knockout (ELOVL5-KO) cells using CRISPR/Cas9.
248 The loss of ELOVL5 was evaluated by western blotting (Figure 4B) and confirmed by
249  sequencing (Figure S4A). In parallel, we generated control fibroblasts that express a
250 non-targeting (NT) gRNA that lacks the ability to target any human or HCMV gene. With
251 these CRISPR/Cas9 cells, we investigated if the loss of ELOVLS5 affected the levels of
252 HCMV proteins. The levels of immediate-early (IE1), early (pUL44), and late (pp28)

253  proteins were similar in ELOVL5-KO and NT control cells (Figure 4B). To further

254  investigate if ELOVLS provides a function that supports HCMV replication, we used

255 these cells to determine if ELOVLS5 is required for the production of HCMV infectious
256  progeny. We measured the number of infectious TB40/E virions in the extracellular

257  medium at 120 and 144 hpi following infection at MOI 1. At both times, a similar number
258  of infectious progeny was produced by the ELOVL5-KO and NT control cells (Figure
259  4C). Since TB40/E infectious virus is both cell-associated and extracellularly released,
260 we measured total virus production (cell-associated plus released virions). At 120 hpi,
261  the production of total infectious progeny was statistically significantly increased in

262 ELOVLS5-KO cells relative to NT cells, but the increase was only 3-fold (Figure 4D).

263  However, no difference in virus titers between ELOVL5-KO and NT cells was observed
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264  at 144 hpi (Figure 4D). We further evaluated if ELOVLS contributes to the replication of
265 HCMV by evaluating its impact on the level of infectious virus produced by cells infected
266  with the lab-adapted AD169 strain. We infected NT and ELOVL5-KO cells using AD169
267 at MOI 0.5 and 1 and measured extracellularly released infectious virus progeny at 96-
268 144 hpi (Figure S4B-C). Again, ELOVLS5-KO and NT control cells produced similar

269 amounts of infectious HCMV progeny, except at 120 hpi in cells infected at MOI 1,

270  where the titers from ELOVL5-KO were 3.5-fold lower than NT control cells (Figure

271 S4C). Taken together, these results indicate that ELOVLS5 is likely dispensable for

272 HCMV replication under these conditions.

273

274 ELOVLS5 is active in HCMV-infected cells.

275 Since ELOVLS5 is unnecessary for HCMV replication, it may not be active in

276  infected cells even though the protein levels increase. To test if ELOVLS is active and
277  contributes to FA elongation in the conditions used in this study, we performed a FA
278 analysis in ELOVLS5-KO and NT cells. ELOVLS5 produces VLC-PUFAs that are typically
279 220 carbons in length using C18:2-C18:4 as substrates [12, 13, 36]. As we did earlier,
280 we measured FAs using LC-MS to gain insight into the impact of ELOVL5 on the FA
281  profile of uninfected and infected cells. The level of C18:3 was significantly higher in
282  uninfected ELOVL5-KO cells compared to NT cells (Figure 5A). These results suggest
283  that C18:3 is accumulating due to a reduction in their elongation to longer FAs in

284  ELOVLS5-KO cells. The levels of several other FAs, including C18:2, were elevated;

285  however, their increase was not statistically significant. Additionally, the loss of ELOVLS

286  resulted in a significant decrease in several FAs, including the expected products:


https://doi.org/10.1101/2025.03.31.646481
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.31.646481; this version posted March 31, 2025. The copyright holder for this preprint
(which was not 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 aCC-BY-NC-ND 4.0 International license.

287 C20:2-C20:3, C22:2-C22:4, and C24:2-C24:3 (Figure 5A). These findings are consistent
288  with ELOVLS producing VLC-PUFAs in uninfected fibroblasts from shorter chained

289 desaturated FAs [12, 13, 36]. Next, we examined the role of ELOVLS in FA elongation
290 in HCMV-infected cells. The total FA abundance in HCMV TB40/E or AD169 infected
291  ELOVLS5-KO cells was compared to infected NT cells. Again, C18:3 levels were higher
292 in the infected ELOVLS-KO cells, further indicating that it is a substrate of ELOVL5

293  (Figure 5B and S5). The loss of ELOVLS5 reduced the relative abundance of several FAs

294  in HCMV-infected cells, including VLC-PUFAs, similar to uninfected cells.

295 We further investigated the activity of ELOVL5 in HCMV infection by analyzing
296 the lipid content in ELOVLS-KO cells compared to NT control cells. At 72 hpi, we

297 observed that 26 lipids were higher by 22-fold when ELOVL5 was depleted (Figure 5C).
298  Half of these 26 lipids have three or more double bonds among the two FA tails. We
299 further analyzed these lipids by identifying their tail composition using MS2 and found
300 that several contained a C18:3 tail in the ELOVL5-KO (Table S2). This observation is
301 consistent with an increase in the pool of ELOVLS5 substrates, primarily C18:3, that can

302 be used to support lipid synthesis.

303 Additionally, we also observed lipids downregulated upon knockout of ELOVLS in
304 HCMV-infected cells (Figure 5C). We found that 32 lipids were significantly decreased
305 in ELOVL5-KO relative to NT control cells. Identification of the tails revealed that many
306 have a 2C22 VLC-PUFA tail that contained two or more double bonds (Table S3).

307 Further, we were able to collect MS2 information on some lipids in the ELOVL5-KO

308 samples (e.g., PC(42:4) in Table S3). This may be due to their low abundance in the
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309 absence of ELOVLS5. Overall, we conclude that ELOVLS5 is active in uninfected and

310 HCMV-infected fibroblasts and is elongating C18:3 to generate longer PUFAs.
311
312 ELOVLS5 affects the levels of EA, a monounsaturated C22:1 FA

313 While most of the FAs reduced in ELOVL5-KO cells were VLC-PUFAs, we noted
314 that some were monosaturated—those with one double bond (Figure 5A-B). Notably,
315  C22:1is lower in uninfected ELOVL5-KO cells compared to NT cells (Figure 5D). In

316 AD169 and TB40/E infection, EA is also reduced in ELOVL5-KO cells (Figure 5E-F).

317 The observation that ELOVL5 may regulate the levels of EA was unexpected since

318 C22:1 is not known to be a substrate or product of ELOVLS5. These findings suggest that

319 ELOVLS may have a role in regulating EA levels.
320
321  ELOVLS supports the incorporation of EA into lipids

322 Since ELOVL5 may potentiate regulation of EA levels and EA treatment

323  increases lipids with a C22:1 plus VLC-PUFA tails (Figures 3 and 5), we investigated if
324  ELOVLS contributes to the shift in the lipidome caused by EA treatment. We performed
325 lipidomics in ELOVLS5-KO cells and NT following EA or vehicle treatment. For uninfected
326  cells, we treated the ELOVL5-KO cells with 50 uM of EA or vehicle at 1 h post mock-
327 infection, replenished the media with EA at 48 h post treatment, and extracted lipids at
328 72 h post initial treatment. Similar to our previous observation, EA treatment in ELOVL5-
329 KO cells caused a broad shift in the lipidome of uninfected cells (Figure 6A). The same

330 observation was made in HCMV-infected cells (Figure 6B). In this case, the lipids
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331 increased the greatest were typically those that contained a C18:3 tail that were

332 elevated in untreated ELOVLs-KO cells (e.g., PC(36:3) in Figure 5C and Table S2).

333  Further, we observed that some lipids containing a C22:1 tail, which increased in non-
334 CRISPR/Cas9 cells following EA treatment, also increased in treated ELOVLS5-KO cells.
335  However, their level of increase was reduced in ELOVL5-KO cells (e.g., PC(40:2) in

336  Figure 3 and Table 1). This was also the case for lipids that contained a combination of
337 a C22:1 tail plus a VLC-PUFA tail (e.g., PE(42:5)). We conclude that EA is likely

338 incorporated into lipids but does so at a lower level in the absence of ELOVLS. These
339 observations suggest that ELOVLS, through its activity of elongating VLC-PUFAs, helps

340 support EA metabolism into lipids.
341
342 ELOVLS5 diminishes EA inhibition of HCMV replication.

343 Since ELOVLS5 may regulate EA metabolism, we examined if it affects EA

344  inhibition of HCMV replication. Since EA treatment reduced the levels of late viral

345  proteins, we started by examining the effect of EA on viral proteins in ELOVLS depleted
346 cells. IE1 protein levels were similar in NT and ELOVLS5-KO cells under 50 yM EA-

347 treatment (Figure 7A). Early proteins pUL26 and pUL44 were slightly reduced in EA-
348 treated ELOVLS-KO cells. Notably, late proteins pp28 and pp71 were reduced at late
349 times of replication in EA-treated ELOVL5-KO cells (Figure 7A-B). Since late proteins
350 were reduced, we measured viral genome replication. The levels of viral genomes were
351 similar in ELOVL5-KO and NT cells treated with 50 uM EA (Figure 7C), suggesting EA
352 treatment disrupts late replication and may impact early stages independent of viral

353 genome replication in the absence of ELOVLS.
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354 Since our measurements of viral proteins suggest that EA treatment disrupts

355 HCMV replication to a greater extent in ELOVL5-KO cells, we investigated whether

356 ELOVLS regulates the impact of EA on virus titers. For NT cells, EA treatment reduced
357 the amount of infectious progeny released into the supernatant at 25 uM and 50 yM

358  (Figure 8). This was consistent with our earlier observation in non-CRISPR/Cas9

359 treated cells (Figure 1). In ELOVLS-KO cells, EA treatment further decreased infectious
360 virus production by 3-fold at 25 yM and more than 100-fold at 50 uM EA relative to the
361  NT cells (Figure 8). This suggests that the loss of ELOVL5 makes HCMV more sensitive
362 to the antiviral properties of EA. Overall, the reduction of late viral proteins and the loss
363  of progeny production in the EA-treated ELOVL5-KO cells suggest that ELOVLS

364 ameliorates the effects of EA on HCMV replication.
365
366 EA reduces HCMV infectivity, ELOVLS lessens its impact on infectivity.

367 Since EA treatment disrupts late steps in virus replication, we measured its

368 impact on virus particle release. Virus particles released in the extracellular environment
369  were measured by quantifying the number of enveloped, encapsidated HCMV genomes
370 released into the supernatant. In this case, cells infected at MOI 1 were treated with 50
371 M EA at 1 and 48 hpi, followed by particle measurements using qPCR. EA treated and
372 vehicle treated cells released similar amounts of virus particles, suggesting that EA

373 likely has little to no effect on HCMV particle production or their egress (Figure 9A). This

374 was also the case in ELOVL5-KO and NT cells (Figure 9B).

375 Given that EA-treatment can reduce HCMV titers by several logs but has little to

376  no effect on the number of particles released, we determined if the virus particles


https://doi.org/10.1101/2025.03.31.646481
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.31.646481; this version posted March 31, 2025. The copyright holder for this preprint
(which was not 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 aCC-BY-NC-ND 4.0 International license.

377 released by EA-treated cells retain their ability to be infectious. We determined the

378 infectivity of the released particles by comparing the ratio of the total number of

379 released particles to those that are infectious (i.e., the particle-to-infectious virion ratio).
380 Cells treated with 50 uM EA released fewer infectious virions per total number of

381 released particles when compared to vehicle treated cells (Figure 9C). EA treatment
382 caused a 10-fold loss in infectivity in these cells. Next, we investigated if ELOVLS

383 impacts EA’s effects on infectivity. In the vehicle treated cells, the infectivity of viruses
384 produced by NT and ELOVLS-KO cells was similar, demonstrating that ELOVLS5 is not
385 required for HCMV infectivity (Figure 9D). While NT cells treated with 50 yuM EA

386 released a similar number of particles as untreated NT cells, fewer of those particles
387  were infectious, resulting in an approximately 10-fold reduction in infectivity (Figure 9B).
388  We conclude that ELOVLS5 limits the ability of EA to reduce HCMV replication, including
389 the infectivity of released virus particles.

390

391 Discussion

392 All viruses rely on host machinery to obtain energy and building blocks from the
393  cells for successful replication. For HCMV, this involves promoting FA synthesis and
394 elongation that is necessary for virus replication [10, 11, 31]. Viral infection triggers host
395 metabolic reprogramming in the cells, which provides free nucleotides for viral genome
396 replication and increased amino acids for the building blocks of viral proteins. Many

397 viruses alter central carbon metabolism, including glycolysis, glutaminolysis, TCA cycle,
398 nucleotide synthesis, amino acid metabolism, as well as fatty acid and lipid synthesis

399  [37-42]. Alterations in metabolism during virus infection can promote the synthesis of
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400 metabolites and FAs with antiviral properties [43, 44]. Consequently, viruses may have
401 evolved mechanisms to ensure that metabolic products required for their success are

402  made while those that may inhibit replication have minimal impact on the virus.

403 The increase in fatty acid synthesis and elongation caused by HCMV infection
404 leads to a shift toward VLCFAs [10, 11, 23, 31]. As we previously noted, HCMV

405 infection increases the levels of saturated and monounsaturated VLCFAs (Figure 1 and
406 S1)[8, 10, 11, 23]. HCMV shifts the lipidome by promoting lipid synthesis via inducing
407  multiple lipogenic genes involved in fatty acid and lipid synthesis pathways, including
408 ELOVLs[9, 10, 16, 18, 45, 46]. HCMV increases ELOVL7 and requires its activity for
409 replication [9, 10, 46]. Infection also increases ELOVL5 expression and protein levels
410  (Figure 4A) [10, 46]. The increase in ELOVL7 in HCMV infection requires the ER-stress
411  response kinase, PERK; however, the increase in ELOVL5 is PERK-independent [8].
412 While all ELOVLs are regulated, at least in part, by sterol regulatory element-binding
413  proteins (SREBPSs), our previous study in HCMV demonstrated that the levels of ELOVL
414  are differentially regulated in ways that are not well understood [8]. In this study, we

415 demonstrated that ELOVLS5 is active during HCMV replication (Figure 5 and S5). In

416 HCMV infected cells, ELOVLS5 elongates C18:3, and possibly C18:2, to generate VLC-
417  PUFAs (Figure 5 and S5). Consistent with this observation, we found that infection

418 increases the levels of VLC-PUFAs with at least 2-3 double bonds (Figure 1A and S1).
419 A previous shRNA knockdown screen in MRC-5 cells growing in FBS-containing media
420 suggested that ELOVLS was necessary for virus replication [10]. We found under

421  serum-free growth conditions used in this study that ELOVLS5 is not required for HCMV

422  replication in HFF cells (Figures 4 and S4). ELOVLS may support HCMV replication in
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423  MRC-5 but not HFFs, or differences in the conditions may alter the necessity of
424  ELOVLS5, including the potential FAs present in the experiments. Nonetheless, our study
425 demonstrates that ELOVLS supports HCMV replication under conditions where the cells

426  are fed an exogenous FA (Figure 8-9).

427 In contrast to HCMV elevation of monounsaturated VLCFAs, infection decreased
428  the C22:1 monounsaturated VLCFA EA (Figure 1A-B and S1). We found that EA

429  suppresses HCMV replication at concentrations greater than 25 uM, including those that
430 are non-cytotoxic to HFF cells (Figure 1C-D). EA suppressed IAV replication, potentially
431 by targeting NF-kB and p38 MAPK activation [28]. Notably, EA did not activate NF-kB in
432 HCMV infected cells (Figure S3). Instead, EA treatment disrupted the late stage of

433  HCMV replication, resulting in the release of particles with a loss of infectivity (Figures
434  1-2,9). The disruption could be due to an indirect effect of EA. Alternatively, EA may
435  directly target EA replication by interacting with viral proteins or the lipids of the virus
436  envelope. Notably, we demonstrate that EA’s ability to suppress HCMV is partially

437  mollified by ELOVLS5 (Figures 8-9). Moreover, we found that EA levels were reduced in
438 the absence of ELOVLS in uninfected and infected cells (Figure 5). Our observations
439  suggest that ELOVLS5 regulates EA levels through a mechanism that does not involve
440 the enzyme acting directly on EA. ELOVL1 can produce and elongate EA [12]. HCMV
441 increases the expression of ELOVL1; however, its potential role in virus replication

442  remains unknown [10].

443 ELOVLs have a preference for substrates and products that depend on the chain
444  length and double bond content. In addition to ELOVLS5, VLC-PUFAs are made by

445 ELOVL2. HCMV infection induces ELOVL2 expression [10]. Loss of ELOVL5 in mouse
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446 livers may result in a compensatory effect leading to increased activity of ELOVL2 [13].
447  The ELOVLS5-KO mice developed hepatic steatosis due to increased triacylglycerol

448 levels caused by activation of SREBPs, which promotes ELOVL2 expression and

449  several other lipogenic genes, including glucose transporter type 4 (GLUT4), acetyl-CoA
450 carboxylase (ACC), and FA synthase [13, 18, 30, 31]. In ELOVL5-WT infected cells,

451  HCMV infection increases the expression and activity of GLUT4, ACC, and FA synthase
452  [47]. A feedback regulation or any other possible relationship between ELOVLS and

453  SREBP activities in HCMV infection is unknown; however, the ELOVL5-KO mouse

454  findings suggest a positive-negative feedback loop between ELOVL5 and SREBP1c via
455  the levels of VLC-PUFAs [36]. While ELOVL2 was shown to be dispensable for HCMV
456  replication [10], it may provide an essential function in ELOVLS5-KO cells or assist

457  ELOVLS activity in EA-treated cells. Even so, we found that ELOVLS plays a role in

458  HCMV replication under EA treatment.

459 In addition to HCMV, ELOVLs have been studied in a few other viruses.

460 ELOVL5, along with ELOVL4 and 7, are increased by hepatitis C virus (HCV) infection
461  [48]. Even though PUFA levels are increased in HCV-infected cells [49, 50], ELOVL5
462  knockdown did not affect HCV replication [48], and its overexpression only slightly

463  enhances virus replication [51]. Hepatitis A virus (HAV) increases the levels of lipids
464  with VLC-PUFA tails, primarily in sphingolipids [52]. In addition to lipids with VLC-PUFA
465 tails, HAV infection also increased lipids with a C22:1 tail. HAV infection increased the
466  expression of ELOVL4 and 7; however, ELOVLS expression remained unchanged [52].
467  The synthesis of VLCFAs aided HAV genome replication, and sphingolipids supported

468 the assembly and release of HAV quasi-enveloped virions [52]. Overall, HCV and HAV,
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469  along with our HCMV findings, demonstrate that diverse viruses may promote different
470 ELOVLs and increase lipids with VLC-PUFAs to support various steps in virus

471  replication.

472 Based on our findings, we propose a model for ELOVLS5 regulation of EA and
473 suppression of its ability to inhibit HCMV (Figure 10A). While we demonstrate that EA
474  reduces late protein levels and causes a loss in infectivity, the antiviral mechanism of
475  action remains undefined. We demonstrate that EA treatment does not alter NF-kB
476  activity, suggesting the antiviral mechanism is independent of NF-kB and p38 MAPK

477  signaling. A previous study in IAV infection showed that EA suppressed NF-«kB and p38

478  MAPK activity; however, they were treating EA at 2300 uM, whereas we found inhibition
479 of HCMV at 25-50 uM [28]. EA is a C22:1 VLC-monounsaturated FA, similar long-chain
480 or VLC monounsaturated FAs are known to have virus inhibitory properties. Treatment
481 of C18:1 and C18:2 blocks several enveloped DNA and RNA viruses, including HSV-1,
482 HSV-2, IAV, Sendai virus, and West Nile virus [25-27]. The FA likely reduces an early
483  step in replication [26, 27]. Direct incubation of the FA with the virus resulted in a loss of
484 infectivity due to disruption or partial lysis of the virus membrane [27]. Notably,

485 incubation of VSV with a monoacylglycerol lipid form of C18:1 reduced its ability to

486 inhibit infectivity, demonstrating that free FAs are more active against enveloped viruses
487  than lipids [24]. Unlike these earlier studies, we found that HCMV replication through
488  viral genome synthesis was unaffected or minimally impacted. Further work is needed
489 to determine if EA directly targets HCMV, potentially disrupting its membrane, or if virus
490 replication is reduced through an indirect mechanism, such as stimulation of intrinsic

491  antiviral responses. Nonetheless, our work demonstrates that ELOVLS reduces EA
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492  inhibition of HCMV. We propose that HCMV infection elevates ELOLVS levels and

493  activity to increase the pool of VLC-PUFAs (Figure 10B). Increasing the pool of VLC-
494  PUFAs will support lipid synthesis, including the sequestration of EA into lipids. Overall,
495  our study reveals that virus reprogramming of metabolism may increase the production
496  of an antiviral metabolite or FA that can be further metabolized to evade its antiviral

497  effects.

498

499 MATERIALS AND METHODS

500 Cells and Viruses. Human foreskin fibroblast (HFF) cells were cultured in Dulbecco's
501 modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 10 mM
502 HEPES, and penicillin-streptomycin. Prior to infection, cells were maintained at full

503 confluence for 3 days in serum-containing growth medium. Cells were switched to

504 serum-free medium (DMEM, HEPES, and penicillin-streptomycin) the day before

505 infection. HCMV AD169 or TB40/E-GFP strains were used throughout the study [23, 53-
506 535]. Cells were infected at a multiplicity of infection (MOI) 1 or 3 infectious units per cell,
507 as indicated. Uninfected cells were mock-infected by treating the cells in the same

508 manner as infected cells, except that the inoculum lacked virus particles. At 48 hpi, the
509 growth medium was replaced with fresh media to maintain nutrient levels. All virus

510 stocks were made by pelleting virus from the supernatant of infected cells through 20%
511  sorbitol using ultracentrifugation. Viruses were resuspended in serum-free DMEM and
512  stored at -80°C. Infectious virus titers were measured by 50% tissue culture infectious
513 dose (TCIDso). Particle-to-infectious unit ratio was determined by calculating the ratio

514  between viral DNA and infectious virus yield in cell-free supernatants. Determination of
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virus yields from cell-free supernatants is described elsewhere [56]. Viral DNA in
supernatants was quantified by gPCR as previously described [57].

For particle-to-IU ratio, 100 yL of culture supernatants from 120 and 144 hpi were
incubated with 5 Units of DNase | (ThermoFisher) for 1 h at 37°C. DNA was isolated
using Quick DNA mini-Prep Plus kit (Zymo). Primers to UL123 and an absolute

standard curve using BAC-Fix-Actin were used to determine HCMV particle DNA levels.

Generation of ELOVLS5 Knockout Cells Using CRISPR/Cas9 Engineering. sgRNA
sequence specific for human gene ELOVL was cloned into LentiCRISPR-v2 [58, 59],
which co-expresses a mammalian codon-optimized Cas9 nuclease and a sgRNA [45]. A
sgRNA that does not target any human or HCMV sequence is used for a non-targeting
(NT) control. The gRNA sequences used in CRISPR knockout experiments are:
ELOVL5-KO, AACAGCCATTCTCTTGCCGG; NT, CGCTTCCGCGGCCCGTTCAA.
Lentivirus expressing Cas9 and sgRNA were produced in 293T cells and transduced
into life-extended primary human fibroblasts (HFF-hTERT), followed by drug selection
using 2 pg/ml puromycin. Single-cell clones were obtained by diluting transduced cells
into a 96-well plate, along with 200 non-transduced HFF cells, as previously described
[45]. CRISPR-treated cells were selected a second time using 2 ug/ml puromycin once
the cells reached 85-90% confluence. ELOVL5 knockout was confirmed by western blot
and sequencing using the Guide-IT Indel kit (Takara Bio) and primers targeting the
corresponding genomic region of the ELOVL5 gene. Each clone was sequenced at

least 20 times to ensure biallelic mutations in the ELOVLS gene. In parallel, the ELOVL5
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gene was sequenced in the NT cells to confirm that the HFF-hTERT cells used

contained a WT ELOVLS gene.

Analysis of nucleic acid. Viral and cellular DNA and RNA were determined by

quantitative PCR (qPCR) using Power SYBR Green PCR master mix (ThermoFisher)

and QuantStudio 3 Flex real-time PCR instrument. DNA isolation was completed using

Quick DNA mini-Prep Plus kit (Zymo). An absolute standard curve made by diluting a

BAC containing the HCMV strain FIX and actin sequence and primers to HCMV UL123

and cellular actin was used to determine relative viral to cellular genome levels. RNA

isolation was performed using Quick-RNA Mini Prep Kit (Zymo), and cDNA was made

using Transcriptor First Strand cDNA Synthesis Kit (Roche). Relative HCMV UL123,

UL122, UL44, UL32, UL99, and UL82 to H6PD gene levels were determined by delta

delta CT method. The sequences of primers are listed in the following table:

Genes | Forward Reverse

Actin | 5-TCCTCCTGAGCGCAAGTACTC -3 5-CGGACTCGTCATACTCCTGCTT-3
HEPD | 5-GGACCATTACTTAGGCAAGCA-3’ 5-CACGGTCTCTTTCATGATGATCT-3’
UL123 | 5-GCCTTCCCTAAGACCACC AAT-3 5-ATTTTCTGGGCATAAGCCATAATC-3
UL122 | 5-GCGTGGAGCCTCAAAGAATTGC-3 | 5-CAGCGTGGATGATCATGTTGCG-3
UL44 | 5-GTGCGCGCCCGATTTCAATATG-3' |5-GCTTTCGCGCACAATGTCTTGG-3’
UL32 | 5-ACGCCGTCCAGAATACGTAAAGC-3' | 5-TTTCTGGCTCGTGGATGTCGTC-3
UL99 | 5-GTGTCCCATTCCCGACTCG-3 5-TTCACAACGTCCACCCACC-3

UL82 | 5-AGACGTCGAAGCGGTAACAACG-3' |5-AGTCGTCAAGGCTCGCAAAGAC-3
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550

551  Erucic acid (EA) treatment. HFF or ELOVLS5-KO cells were grown to 100% confluency
552  and serum-starved for 24 h before infection. Cells were infected at MOI 1. EA was

553  conjugated to FA-free bovine serum albumin (BSA, Sigma A8806) before addition to
554  cells. BSA stock solutions were prepared in 10 mM NaCl. BSA was diluted in DMEM for
555 a final concentration of 2.5%. EA stocks were prepared in 100% ethanol. Thus, ethanol
556  was used as the vehicle control throughout the paper. The final concentration of ethanol
557 is 0.5%. EA or ethanol was added to the BSA-DMEM mixture and incubated for 10

558 mins. Growth media with EA or ethanol was added to the cells at 1 hpi, after the initial
559 inoculum was removed and the cells were washed with warm PBS. EA was replenished
560 at 48 hpi. The toxicity of EA on HFFs was determined via LDH Cytotoxicity Assay

561  (Invitrogen).

562

563 Lipid Extractions. For cellular lipids, HFF cells were grown to 100% confluency and
564  serum-starved for 24 hours before infection. Cells were infected at MOI 3. Lipids were
565 extracted at 72 hpi. Cells were washed with PBS prior to analysis. Pre-chilled 50%

566 methanol was added to the cells, and lipids were extracted twice using chloroform. The
567  chloroform was removed by drying the samples under a stream of nitrogen gas. Lipids
568 were resuspended in a 1:1:1 solution of methanol, chloroform, and isopropanol. For
569 each sample, 3 wells on a 6-well plate were used. Lipids were extracted in parallel from
570 two wells and independently analyzed (e.g., technical duplicates). The cells in the third
571  well were counted. Samples were normalized according to the total number of live cells

572  at the time of lipid extraction. Each sample was resuspended in 100 pl of a 1:1:1
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573  solution per 200,000 cells. In parallel with the biological samples, the extraction
574  procedure was performed on wells that lacked cells. These “no-cell” controls were used

575 to determine contaminants that were removed from the analysis.

576

577 Lipidomics. The abundance of lipids was measured using liquid chromatography-high-
578  resolution tandem mass spectrometry (LC-MS/MS) as previously described [23]. Briefly,
579  cells were washed with PBS and lysed in cold 50% methanol. Lipids were extracted

580 twice using chloroform and then dried under a stream of nitrogen gas. Lipids then were
581 resuspended in 100 pl of a 1:1:1 solution of methanol-chloroform-isopropanol per

582 100,000 cells. For each sample, a total of three wells were used for analysis. Two wells
583  were used for lipid extraction (i.e., duplicate samples analyzed in parallel to determine
584  technical variation), and one well was used to determine the total number of cells.

585  Samples were normalized according to the number of live cells at the time of lipid

586  extraction. A fourth well with no cells was used as a control to determine if any

587 contaminants were introduced during the lipid extraction and LC-MS/MS steps. Any

588 mass spectral feature from this contaminants list that appeared in the samples was

589 removed from the analysis. During data collection, the samples were stored at 4°C in an

590 autosampler.

591 Splash Lipidmix lipidomic mass spectrometry standards (Avanti Polar Lipids)

592  were used to determine extraction efficiencies and quantify lipids. Following

593  resuspension, lipids were stored at 4 °C in an autosampler. Lipids were separated by
594  reverse-phase chromatography using a Kinetex 2.6 ym C18 column (Phenomenex O0F-

595 4462-AN). LC was performed at 60 °C using a Vanquish UHPLC system (Thermo
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596  Scientific) with two solvents: solvent A (40:60 water-methanol, plus 10 mM ammonium
597 formate and 0.1% formic acid) and solvent B (10:90 methanol-isopropanol, plus 10 mM
598 ammonium formate and 0.1% formic acid). UHPLC was performed at a flow rate of 0.25
599 mL/min, starting at 25% solvent B and ending at 100% solvent B, as described [23].
600 After each sample, the column was washed and equilibrated. The total runtime was 30
601  min per sample. Blank samples were run before, after, and interspersed with the

602  samples. Lipids were measured using a Q-Exactive Plus mass spectrometer operating
603  in a data-dependent full MS/dd-MS2 TopN mode. MS1 data were collected at a

604  resolution of either 70,000 or 140,000. Additional settings included an automatic gain
605  control (AGC) target of 1e6, transient times of 250 ms for a 70,000 resolution, and 520
606 ms for a 140,000 resolution. MS1 Spectra were collected over a mass range of 200 to
607 1,600 m/z. MS2 spectra were collected using a transient time of 120 ms and a

608  resolution setting of 35,000 with an AGC target of 1e5. Each sample was analyzed

609  using negative and positive ion modes. The mass analyzer was calibrated weekly.

610 Lipids were ionized using a heated electrospray ionization (HESI) source and nitrogen
611 gas as described [23]. Lipids were identified and quantified using MAVEN [60], EI-

612 MAVEN (Elucidata), and Xcalibur (Thermo Scientific), as previously described [23].

613

614 Protein Analysis. Proteins were examined by western blot using SDS-PAGE

615 performed with tris-glycine-SDS running buffer. Proteins were separated using Mini-
616  Protean TGX anyKD or 4 to 20% gels (Bio-Rad) and transferred to an Odyssey

617  nitrocellulose membrane (Li-Cor). Membranes were blocked using 5% milk in tris-

618  buffered saline with 0.05% Tween 20 (TBS-T) and incubated with primary antibodies in
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619 the presence of 1% milk TBS-T solution for anti-ELOVLS5. For HCMV primary

620 antibodies, membranes were blocked using 5% BSA in TBS-T and incubated with

621  primary antibodies in the presence of 3% BSA in TBS-T. The following antibodies were
622  used: mouse monoclonal anti-pUL123 (IE1, 1:50 dilution), mouse monoclonal anti-

623  pUL44 (Virusys; ICP36; 1:2,500 dilution), mouse monoclonal anti-pUL26 (1:100

624  dilution), mouse monoclonal anti-pUL99 (pp28; 1:100 dilution), mouse monoclonal anti-
625 pUL83 (pp71; 1:100 dilution), rabbit polyclonal anti-ELOVL7 (Sigma-Aldrich;

626 #SAB3500390; 1:1,000 dilution), rabbit polyclonal anti-ELOVLS (Sigma-Aldrich;

627 #SAB4502642; 1:500 dilution), rabbit polyclonal anti-B-actin (Proteintech; #20536-1-AP;
628  1:2,000 dilution), and mouse monoclonal anti-a-tubulin (Sigma-Aldrich; #T6199; 1:2,000
629  dilution). Blots with mouse monoclonal anti-HCMV, anti-actin, and anti-tubulin

630 antibodies were incubated for 1h at room temperature. All others were incubated

631 overnight at 4°C. Quantification of western blots was performed using a Li-Cor Odyssey
632 CLx imaging system.

633

634 NF-kB measurement. HFF cells were infected with TB40/E at MOI 1 followed by EA
635 treatment at 0, 5, 25, and 50 yM at 1 hpi. Cells were collected at 72 hpi. Separation of
636  nuclear and cytosolic fractions was performed using a cellular nuclear extraction kit,

637 according to the manufacturer's instructions (Cayman; 10009277). The purity of

638  cytosolic and nuclear fractions was confirmed by western blot staining for tubulin and
639 lamin B, respectively. The nuclear fraction was used for testing NF-kB activation using
640 the NF-kB (p65) transcription factor assay kit according to the manufacturer's

641 instructions (Cayman; #10007889). Briefly, pure nuclear fraction was added into a 96-
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642  well plate that was pre-coated with a consensus dsDNA sequence containing the NF-«kB
643  response element. A primary antibody against NF-kB (p65) and a secondary antibody
644  conjugated to HRP were used for the detection of NF-kB (p65). The absorbance was
645 measured at 450 nm. A positive control (a clarified cell lysate for NF-kB activation

646  provided in the kit) and negative controls were used in this assay.

647
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Table 1. Fatty acid composition in lipids that were upregulated by EA treatment.

Lipid Observed Tails Fold Difference relative to
uninfected 0 uM EA

Uninfected Infected
OuM [ 50 uM (O uM | 50 uM
1069 [1.0 |97.8
55.6 09 [32.2
50.3 3.0 [30.1
44.6 0.7 |20.1
35.1 1.1 23.0

PC(40:2) | C22:1, C18:1

PC(38:1)| C22:1, C16:0, C18:1, C20:1

PC(44:2)| C22:1, C18:1, C26:1
(
(

PC(42:5)| C22:1, C20:4
PC(44:7)| C22:1, C18:0, C22:6

PE(40:2) | C22:1, C18:1, C16:1 24.9 1.0 |23.8
PC(42:4)| C22:1, C18:1, C20:3, C20:4, C22:3 22.4 0.8 [|14.0
PC(46:2) | C22:1, C18:1, C24:1, C28:1 20.9 9.8 |23.0
PC(44:6) | C22:1, C18:1, C20:5, C22:5, C24:1, 18.8 0.7 |13.8
PC(40:1)| C22:1, C16:0, C16:1, C18:1, C24:1 16.5 1.0 |10.2
PE(42:1) | C22:1, C16:1, C18:0, C18:1, C24:0, C24:1 16.1 06 |11.2
PE(42:5) | C22:1, C18:1, C20:3, C20:4, C22:4, C24:5 14.2 1.2 [16.0
)

PE(46:5) | C20:4, C22:4, C22:5, C24:0, C26:1
PC(46:5) | C22:1, C20:3, C20:4, C22:5, C26:1
PI(40:2) | C22:1, C18:1

13.1 23 8.5
12.9 20 |7.7
9.7 24 244

PE(44:2) | C22:1, C18:1, C20:1, C24:1, C26:1 9.4 1.7 5.5
PC(42:2)| C22:1, C16:1, C18:1, C20:1, C24:1, C26:1 9.0 1.2 [13.6
PC(42:6) | C22:1, C18:1, C20:5, C22:5, C24:5 8.4 09 |42
PC(48:2)| C22:1, C18:1, C24:1, C26:1, C30:1 8.0 27.8 |24.8
PS(40:2) | C22:1, C16:0, C18:1 7.8 0.7 6.1
PC(40:3) | C22:1, C16:0, C18:1, C18:2, C20:2, C22:2, C22:3, C24:3 7.7 09 |55
PE(40:1) | C22:1, C18:0, C20:1, C22:0, C24:0 7.6 1.0 |48
PC(42:3)| C22:1, C16:1, C18:0, C18:1, C18:2, C20:3, C20:4, C24:1 6.3 09 |58
PE(42:2) | C22:1, C18:1, C18:2, C20:1, C24:0, C24:1 6.3 1.0 [6.1
PC(38:2) | C22:1, C16:1, C18:1, C20:1, C20:2 5.8 1.2 |64

PG(38:2)| C22:1, C16:1, C18:1, C20:1, C20:2 5.3 1.7 6.8

PE(44:5) | C20:4, C24:1 5.3 1.0 [6.0
PE(44:3) | C22:1, C18:1, C18:2, C20:2, C20:3, C22:2, C24:1 5.1 1.1 3.9
PC(46:1)| C22:1, C16:1, C18:1, C24:0, C28:0, C30:1 4.7 11.8 [4.4

4.6 1.2 |45
4.3 1.7 |47
4.0 1.0 |53
4.0 0.8 |44
3.6 1.5 [6.2

PS(38:0) | C16:0, C18:0, C20:0

PC(44:4)| C22:1, C18:1, C18:2, C20:3, C20:4, C22:3, C24:1, C26:3
PC(44:5)| C22:1, C18:1, C20:4, C22:4, C24:1

PE(38:2) | C22:1, C16:1, C18:0, C18:1, C18:2, C20:2, C20:1
Polyunsaturated fatty acids are shown in bold.

)
)
)
PE(38:1) [ C22:1, C18:0, C18:1, C20:1, C22:0
)
)
)

[EEN) KN RNy EENY UK\ JESCNY RESCNY NEENY JNSCNY JNSCNY JESCNY [NEENY N RESCNY KN JNSCNY RSN RN NEENY JECNY RSN EENY JSCN) NN RSN NEENY ESCNY RSCNY NEEN KN RSN RN NEEN Y
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Table S1. Fatty acid composition in lipids that were downregulated by EA treatment.
Lipid Observed Tails Fold Difference relative to
uninfected 0 uM EA
Uninfected Infected
OpM | 50 uM [ O pM | 50 uM
PE(36:6) | C14:0, C16:0, C16:1, C18:0, C20:4, C20:5, C22:6 1 0.1 1.5 0.1
PS(42:1) | C22:1, C16:1, C18:1, C24.0 1 0.2 1.1 0.1
PG(32:0) | C16:0 1 0.1 1 0.1
PS(44:4) | C18:1, C20:4, C22:4, C24:1 1 0.3 1 0.3
PE(48:7) | C22:1, C20:4, C22:4, C22:5, C22:6, C24:1, C26:1 1 0.2 1.1 0.2
PC(28:1) | C14:0, C14:1, C16:0, C16:1 1 0.3 4.1 0.2
PE(36:5) | C14:0, C16:0, C16:1, C18:0, C18:2, C20:4, C20:5 1 0.3 1.1 0.2
PE(32:2) | C16:0, C16:1, C16:2 1 0.4 1 0.3
PE(34:3) | C16:0, C16:1, C16:2, C18:0, C18:1, C18:2, C18:3, C20:3 1 0.4 1.1 0.3
PE(38:6) | C16:0, C16:1, C18:0, C18:1, C18:2, C20:4, C20:5, C22:6 1 0.4 0.9 0.4
PC(28:0) | C14:0, C16:0 1 0.4 4.8 0.2
PG(38:6) | C16:0, C16:1, C18:0, C18:1, C20:5, C22:5, C22:6 1 0.4 0.9 |04
PS(38:6) | C16:0, C22:6 1 0.4 0.9 0.3
PC(48:5) | C20:4, C22:5, C28:1 1 0.4 5.6 0.7
PC(30:2) | C14:0, C14:1, C16:0, C16:1 1 0.4 3.1 0.3
PG(32:2) | C16:0, C16:1, C18:1 1 0.5 1.3 0.6
PG(38:7) | C22:1, C16:1, C18:0 1 0.5 0.9 0.7
PE(36:4) | C16:0, C16:1, C18:1, C18:2, C18:3, C20:3, C20:4 1 0.5 1.1 0.4
PG(44:12)| C18:0, C22:6 1 0.5 0.8 0.6
PE(32:0) | C14:0, C16:0, C18:0 1 0.5 1.9 0.3
PE(32:1) | C14:0, C16:0, C16:1, C18:1 1 0.5 14 0.5
PG(32:1) | C14:0, C16:0, C16:1, C18:1 1 0.5 1.3 0.4
PC(30:1) | C14:0, C16:1 1 0.5 1.9 0.4
PC(42:0) | C16:0, C18:1, C26:0 1 0.6 2.4 0.5
PG(44:11)| C18:0, C22:5, C22:6 1 0.6 0.6 0.6
C16:0, C16:1, C16:2, C18:0, C18:1, C18:2, C18:3, C18:4,
PC(36:5) C20:4, C20:5, C22:5 1 0.6 0.8 0.4
PE(34:4) | C14:0, C16:0, C16:1, C16:2, C18:1, C18:2, C18:3, C20:4 1 0.6 1.7 0.6
PC(30:0) | C14:0,C16:0 1 0.6 12 |04
PC(34:4) | C14:0, C16:0, C16:1, C18:0, C18:1, C18:2, C18:3, C20:4 1 0.6 1.2 0.4
PC(48:6) | C22:0 1 0.6 4.4 0.9
PE(38:0) | C16:0, C16:1, C18:0, C20:0, C22:0 1 0.6 0.9 |05
PC(36:4) C1650, C16:1, C16:2, C18:0, C18:1, C18:2, C18:3, C20:3, 1 0.6 09 loa
C20:4
PC(34:3) | C14:0, C16:0, C16:1, C16:2, C18:1, C18:2, C18:3, C20:3 1 0.6 1 0.5
PE(36:0) | C16:0,C18:0 1 0.6 0.9 |05

C22:1 FA tails are shown in bold.
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Table S2. FA composition of lipids upregulated in HCMV-infected ELOVL5-KO cells.

Lipid Observed Tails Fold Difference

relative to NT

NT ELOVL5-KO

PS(36:3) C16:0, C18:0, C18:1, C18:2, C18:3, C20:3 1 8.6
PE(34:3) C16:0, C16:1, C16:2, C18:0, C18:1, C18:2, C18:3 1 6.6
PC(34:3) C16:0, C16:1, C16:2, C18:1, C18:2, C18:3 1 4.4
PE(34:4) C16:1, C16:2, C18:1, C18:2, C18:3, C20:4 1 3.9
P1(34:3) C16:0, C18:0, C18:3 1 3.8
PC(34:4) C16:0, C18:1, C18:2, C18:3, C20:3, C20:4 1 3.1
PC(36:6) C14:0, C16:1, C16:2, C18:3, C20:4, C20:5, C22:5 1 2.4
PE(36:3) C16:0, C16:1, C18:0, C18:1, C18:2, C18:3, C20:2, C20:3 1 2.2
C18:3 tail is shown in bold.
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Table S3. FA composition of lipids downregulated in HCMV-infected ELOVL5-KO cells.

Lipid Observed Tails Fold Difference
relative to NT
NT ELOVL5-KO NT | ELOVL5-KO
PG(38:3) | C18:1, C18:2, C20:2, C20:3 C18.1, C18:2, C20:2, C20:3 1 |0.06
PC(40:3) | C16:0, C18:0, C18:1, C22:2, C22:3, C24:3 |C16:0, C16:1, C18:1, C18:2, C22:3 1 Jo.18
pE(40:3) | C18:0, C18:1, C18:2, C20:1, C20:2, C20:3, [C18:0, C18:1, C18:2, C20:1, €202, C203, |1 |y 1o
3) | c22:1, C22:2, C22:3, C24:3 C22:1, C22:2, C22:3 :
PE(46:5) | C20:4, C26.1 1 022
PC(42:4) | C16:1, C18:1, C22:3, C24:3, C24:4 1 Jo.23
PE(46:2) | C18:1, C28:1 1 |0.25
PS(40:3) | C18:0, C20:3, C22:3 C18:0, C20:3, C22:3 1 |0.25
PC(40:4) 8;21,018;0, C20:1, C20:3, €22:3, C22:4, |-16.9 8.1, C18:3, C22:3, C22:4,C24:4 |1 [0.25
pO(44:4) | C18:1, C20:4, C22:3, C24:1, €243, C26:2, - loss
C26:3
| c16:1, c18:1, c18:2, C20:1, C20:2, C22:1, |C16:1, C18:1, C18:2, C20:1, C20:2, C22:1,
PC(38:2) | Saorp oo 1 o3
PC(44:3) | C16:1, C18:1, C18:2, C26:2 C16.1, C18:1, C18:2, C18:3, C20:3, C2611 |1 [0.34
pE(38:2) | C16:0. C16:1, C18:0, C18:1, C18:2, C20:0, [C16:0, C16:1, C18:0, C18:1, C182,C200, |1 |y 5
2) | C20:1, C20:2, C22:0, C22:1, C22:2 C20:1, C20:2, C22:0, C22:1, C22:2 :
PC(48:2) | C16:0, C18:1, C28:1, C30:1, 1 |0.35
_Tc18:0, c18:1, c20:2, c20:3, C20:4, C22:3, [c18:0, C18:1, C20:2, C20:3, C20:4, C22:3,
PE(40:4) | c22:4, c24:4 C22:4 T35
po(3a:3) | C16:1, C18:0, C18:1, C18:2, C20:0, C20:1, [C16:1, C18:0, C18:1, C182, €200, €20, |1 |y 55
3)| c20:2. C20:3, €22:3 C20:2, C20:3, C20:4. C22:3 :
_lc16:1, c18:0, c18:1, c20:1, C20:3, C22:2, [c16:1, C18:0, C18:1, C20:1, C20:3, C22:2,
PE(42:4) | c22:3, c24:3, C24:4 C22:3 1038
PS(38:2) | C16:1, C18:0, C18:1, C22:1 C16:1, C18:0, C18:1, C22:1 1 |0.36
PE(38:3) | C16:0, C18:0, C18:1, C20:2, C20:3 C16:0, C18:0, C18:1, C20:2, C20:3 1 |o.37
.| c16:0, C16:1, C18:1, C18:2, C24:3, C24:2,
PC(423) | Srara 1 |o.3s
PE(44:2) | C18:1, C20:2, C26:1 C18:1, C20:2, C26:1 1 |o.41
PC(46:2) 8;%}01811'020:1’(320:2’ C26:1,C28:1, 5161, C18:1, C28:1 1 0.4t
PC(48:6) | C18:0, C22:6, C26:0 1 0.43
PC(48:4) | C20:3, C22:4, C28:1 1 043
PC(46:5) | C20:3, C20:4, C20:5, C26:1, C22:5 1 |03
PC(40:2) 8;25]'01810’ C18:1,C20:1, C22:1, €22:2, \~rp1 ¢16:1, C18:1, C22:1 1 o046
.| c18:1, C18:2, C20:2, C20:3, C20:4, C22:3,
PC(463) | oa0) G28.2 1 |o.a7
PI(38:3) | C18:0, C20:3 C18:0, C20:3 1 |o.4s
PC(44:2) | C16:1, C18:1, C18:2, C26:0, C26:1, C28:1 |C16.1, C18:1, C18:2, C26:0, C26:1, C284 1 0.5
PC(48:7) | C22:6, C26:1 1 |o.51
PC(48:5) | C20:4, C22:5, C26:0, C28:1 1 |o.51
PC(42:9) | C20:3, C20:4, C22:5, C22:6 1 |0.53

\VLC-PUFA tails are shown in bold.
Blank represents no MS2 scan.
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Figure 1. HCMV infection reduces the level of inhibitory erucic acid (EA). (A) Heatmap of
fatty acid analysis in HCMV TB40/E infected HFF cells at MOI 3. The FAs were analyzed at
72hpi. (B) Quantification of EA. (C) LDH cytotoxicity assay of EA treated uninfected cells. BSA
and 0.5% ethanol without EA was used as a vehicle control. (D) TCID50 assay for infectious
virus production at 120 hpi and 144 hpi in HFF cells treated with EA. All data are represented
as mean with standard deviation of three replicates. One-way ANOVA for (B) and Two sample
t-test for (E) *p<0.05, **p<0.01, ***p<0.001
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Figure 2. EA reduces late viral proteins. (A) Western blot of HFF infected cells treated with 50 uM
EA or vehicle control (0 uM). Viral protein are immediate early (IE1), early pUL44 and pUL26, and
late pp28 and pp71. (B) Quantification of late viral protein from (A). Protein levels were normalized to
0 uM of EA. Red dash line represents 1-fold. (C) Viral genomes per cell were measured using

gPCR. All data are represented as mean with standard deviation. MOI 1. N=3-4. One sample t-test
*p<0.05, **p<0.01, ***p<0.001
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Figure 3. Erucic acid alters host phospholipid profile. (A) Heatmap of phospholipid analysis in EA
treated uninfected HFF cells. Relative fold change of treated to untreated. (B) Phospholipid analysis of
EA treated HCMV TB40/E infected cells. MOI 3. One-sample t test. N=3. *p<0.05, **p<0.01, ***p<0.001
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Figure 4. HCMV replication does not require ELOVL5. (A) ELOVLS protein levels were measured
by western blot during HCMV replication. (B) Western blot ELOVL5 CRISPR/Cas9 knockout
(ELOVL5-KO) cells and non-targeting (NT) control cells. (C) The release of infectious progeny in the
supernatant was measured by TCID50. (D) Total virus progeny (cell-free and cell associated) was
measured by TCID50. MOI 1. Two sample t-test. **p<0.01
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Figure 5. Depletion of ELOVLS5 reduces VLC-PUFAs and EA. (A) FA analysis in uninfected cells.
Relative fold change of ELOVL5-KO to NT cells. (B) FA analysis in TB40/E-infected cells. (C) Lipid
profile in HCMV-infected ELOVL5-KO cells relative to infected NT control cells. (D-E) Relative level of
EA in uninfected (D), AD169-infected (E), and TB40/E-infected (F) cells. (B-F) MOI 3. 72 hpi. (A-F) One
sample t-test. *p>0.05, **p<0.01, ***p<0.001
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Figure 6. ELOVL5 enhances the levels of EA containing lipids. (A) Phospholipid levels in 50
MM EA treated uninfected ELOVL5-KO cells. Relative fold change of treated ELOVL5-KO to
treated NT cells. (B) Phospholipid analysis in 50 yM EA treated HCMV infected ELOVL5-KO cells.
Relative fold change of infected treated ELOVL5-KO to infected treated NT cells. MOI 3, 72 hpi.
One-sample t test. N=3. *p<0.05, **p<0.01, ***p<0.001
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Figure 7. ELOVLS5 diminishes EA suppression of late replication. (A) Western blot of viral protein
levels in 50 uM EA treated ELOVL5-KO cells compared to NT cells. (B) Quantification of late viral
protein levels in A. (C) Viral genomes per cell in 50 yM EA treated infected ELOVL5-KO cells
compared to NT cells. N=3-4. One sample t-test *p<0.05, **p<0.01, ***p<0.001
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Figure 8. ELOVLS mollifies EA inhibition
of HCMV. ELOVL5-knockout and NT cells
were EA or vehicle treated at 1 hpi. The
amount of infectious progeny released by
cells was measured by TCID5,. Some
samples were below the limit of
quantification in the 50 uM EA treated
samples. Two sample t-test. MOI 1, 120
hpi. N=3. Two sample t-test. ***p<0.001
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Figure 9. EA decreases HCMV infectivity and ELOVLS lessens the effect of EA. (A) The
amount of released virus particles was measured in the supernant by gPCR in EA treated and
untreated HFF cells. (B) Released virus particles in treated and untreated NT and ELOVL5-KO
cells. (C) The ratio of released total particles to infectious particles was compared for treated and
untreated HFF cells shown in A. (D) The ratio of released total particles to infectious particles
was compared for treated and untreated NT and ELOVL5-KO cells shown in B. MOI 1. N=3. Two
sample t-test in log-transformed value. *p<0.05, **p<0.01
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Figure 10. Proposed model for ELOVLS5 activity in metabolizing EA to lipids in HCMV
infection. (A) EA suppresses HCMV by targeting the late replication stage and reducing virus
progeny infectivity. (B) HCMV infection promotes ELOVLS5 levels to increase the synthesis of
VLC-PUFAs. EA inhibition of HCMV is suppressed by feeding EA and VLC-PUFAs into lipid
synthesis to generate EA containing lipids. AlphaFold rendering of human ELOVL5 (AF-
QONYP7-F1).
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Figure S1. FA profile of AD169 infected cells. FA
analysis of uninfected and HCMV AD169 infected HFF
cells. Relative fold change of infected to uninfected. MOI
3, 72 hpi. N=3
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Figure S2. Levels of immediate-early and early viral genes in EA treatment.
Quantification of immediate early (IE1) and early (pUL26, pUL44) viral protein from
western blot shown in Fig 2A. Protein levels were normalized to 0 uM EA treated at each
time. Red dash line represents 1-fold. MOI 1. N=3. One sample t-test, *p<0.05
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Figure S3. EA does not activate NFkB. (A) Western blot of protein in EA treated HCMV-infected
cells. The nuclear and cytoplasmic fractions were separated. Blot for tubulin and lamin B as
indicators of cytosolic and nuclear fraction, respectively. Tubulin and lamin B were blot on the
same gel. (B) ELISA of NFkB p65 activity in EA treated infected cells in nuclear fraction compared
to 0 uM. A positive control (C) that contains a clarified cell lysate for NFKB activation and a
negative control (Blank) that only has assay binding buffer were included for comparison. N=3
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Figure S4. ELOVLS is not required for HCMV replication. (A) Chromatogram of ELOVL5
CRISPR knockout (ELOVL5-KO) sequence and non-targeting (NT) control sequence (WT
ELOVLYS5). A cytosine insertion occurs leading to a frame shift and loss of ELOVLS5 protein
sequence. Insertion is marked in red box. (B) Virus replication in AD169-infected NT and
ELOVL5-KO HFF-hTERT cells at 96, 120, and 144 hpi measured by TCID50. N=3
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Figure S5. Depletion of ELOVLS reduces VLC-
PUFAs and EA. FA levels in AD169-infected ELOVL5-
KO cells relative to infected NT cells. N=3. One sample
t-test was used. *p>0.05, **p<0.01, ***p<0.001
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Figure S6. Immediate early and early viral protein levels in EA treated ELOVL-5 KO cells.
(A) Quantification of IE1 in 50 uM EA treated ELOVL5-KO cells relative to NT cells from Fig
7A. (B) Quantification of early (pUL26 and pUL44) viral protein levels in 50 uM erucic acid
treated ELOVLS5-KO cells relative to NT cells from Fig 7A. N=3. One sample t-test *p<0.053
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