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14 Abstract: Human cytomegalovirus (HCMYV) is a ubiquitous herpesvirus, for which there is no
15 vaccine or cure. This viral infection, once acquired, is life-long, residing latently in hematopoietic
16 cells. However, latently infected individuals with weakened immune systems often undergo
17 HCMV reactivation, which can cause serious complications in immunosuppressed and
18 immunocompromised patients. Current anti-viral therapies target late stages of viral replication,
19 and are often met with therapeutic resistance, necessitating the development of novel therapeutics.
20 In this current study, we identified a naturally occurring flavonoid compound, deguelin, which
21 inhibits HCMV lytic replication. Our findings reveal that nanomolar concentrations of deguelin
22 significantly suppress the production of infectious virus. Further, we show that deguelin inhibits
23 the lytic cycle during the phase of the replication cycle consistent with early (E) gene and protein
24 expression. Importantly, our data reveal that deguelin inhibits replication of a ganciclovir-resistant
25 strain of HCMV. Together, our findings identify a novel, naturally occurring compound that may

26 prove useful in the treatment of HCMYV replication.

27 Keywords: cytomegalovirus; HCMV; deguelin; ganciclovir
28

29 1. Introduction

30 Human cytomegalovirus (HCMV) is a betaherpesvirus that infects the vast majority of the
31  population. Like all herpesviruses, once an individual is infected, HCMV remains with its host for
32 life, residing in a latent state in cells of the hematopoietic compartment. With the exception of
33 neonates and sero-negative organ transplant recipients, primary HCMV infection poses little threat
34 to otherwise healthy individuals. However, when an infected individual’s immune system is
35  severely compromised, HCMV can reactivate from latency, which results in lytic replication, viral
36  spread, and disease that can be fatal.

37 While there is no vaccine or cure for HCMV, current anti-viral treatments do exist [1]. Many of
38  these anti-viral drugs target HCMV UL97, a gene that encodes a serine/threonine kinase, pUL97. This
39  HCMV-encoded kinase phosphorylates nucleoside analogs such, as ganciclovir, thereby converting it
40  to a competitive inhibitor of dGTP incorporation into viral DNA by the HCMV encoded DNA
41  polymerase UL54, thus resulting in robust anti-viral activity [2]. Similarly, valganciclovir is also
42 phosphorylated by pUL97, but has increased absorption and bioavailability compared to ganciclovir,
43 due to an L-valyl ester added to the 5-end of ganciclovir's deoxyribose ring [3]. More recently,
44 maribavir emerged as a promising, new anti-viral, which is competes with ATP binding to pUL97,
45  thereby inhibiting its kinase activity [4]. However, these therapies, while potent inhibitors of HCMV,
46  are fraught with problems. Clinicians treating patients suffering from HCMV reactivation are noting a
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47  significant increase in drug-resistant HCMV strains, due specifically to UL97 mutations. While
48  maribavir seemed promising as an alternative treatment strategy for patients with ganciclovir- or
49  valganciclovir-resistant HCMYV, it is now evident that this therapy also leads to drug resistant HCMV.
50 Drug resistant viral reactivation requires turning to alternative treatments, including foscarnet
51  and cidofovir. Foscarnet, a pyrophosphate analog, is a DNA polymerase inhibitor, but is not activated
52 by pUL97 [5]. Similarly, cidofovir also is a DNA polymerase inhibitor, but unlike the nucleoside
53 analogs ganciclovir or valganciclovir, cidofovir activity does not require phosphorylation by pUL97
54 [6]. Though these additional drugs seemed promising for treating patients with drug-resistant HCMV,
55  itisnow clear that these treatments also are leading to multi-drug resistant strains. Additionally, even
56  in cases where the patient does not become resistant, foscarnet is highly nephrotoxic and cidofovir is
57  associated with severe neutropenia. Recently a viral terminase inhibitor, letermovir, was approved to
58  prophylactically treat hematopoietic cell transplant patients, and recent clinical data suggest that this
59  prophylaxis results in a significant decrease in clinically significant HCMYV infection in these patients
60  [7]. However, in vitro testing of the terminase complex suggests that letermovir-resistant strains of
61  HCMV may emerge [8,9]. In sum, detrimental side effects of current anti-HCMV treatments coupled
62  with increasingly hard to manage drug resistant HCMV strains underscore the need for novel
63  therapeutics that combat HCMV.

64 In this current study, we show that the naturally occurring compound, deguelin significantly
65 inhibits HCMV lytic replication. Deguelin [(7aS, BaS)-13, 13a-dihydro-9, 10-dimethoxy-3,
66  3-dimethyl-3H-bis [1] benzo-prano [3, 4-b: 6', 5'-e] pyran-7 (7aH)-one] is a plant-derived rotenoid
67  compound and is a member of the flavonoid family. This compound shows anti-cancer activities in
68  pre-clinical trials [10] as well, as promoting cell cycle arrest, apoptosis, and inhibiting angiogenesis.
69  Additionally, deguelin blocks PI3K/Akt activity and binds to the ATP binding domain of Heat Shock
70 Protein 900, (HSP90), all pathways critical for efficient viral infection. Herein, our results reveal that
71  low concentrations of deguelin are effective at inhibiting HCMV by targeting viral early (E) protein
72 expression, thereby reducing the production of infectious virus. These findings suggest that
73 deguelin could prove a novel therapeutic for HCMV lytic infection.

74 2. Materials and Methods
75 2.1. Cells, Viruses, and Compounds

76  Primary newborn human fibroblasts, NuFF-1 cells (GlobalStem), were maintained in Dulbecco’s

77  modified Eagle medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 2 mM

78 L-glutamine, 0.1 mM non-essential amino acids, 10 mM HEPES, and 100 U/ml each of penicillin and
79  streptomycin. Cells were grown at 37°C, 5% COs.

80 Bacterial artificial chromosome (BAC)-derived TB40/EmCherry [11] and TRgfp [12] are described
81  elsewhere. The recombinant virus TB40/EmCherry-UL99eGFP (UL99eGFP) was generated by tagging
82  the C-terminus of the UL99 open reading frame (ORF) with eGFP with the primers listed in Table 1
83 using standard galK recombineering protocols, described in detail previously (e.g.: ref. [11,13,14]).
84  The resultant viral recombinant was sequenced to verify the seamless in-frame insertion of eGFP

85  upstream of the UL99 stop codon. To generate virus stocks, each of the aforementioned viruses were
86  grown as previously described (e.g.: ref. [11]). All viral stocks were titered by 50% tissue culture

87  infectious dose (TCIDso) assay on NuFF-1 cells.

88 Table 1. Primers used in this study.

Primer S Primer
equence
Use 9 Name

galk ~ CAACGTCCACCCACCCCCGGGACAAAAAAGCCCGCCGCCCCCT — UL99galK'5’
insertion'! TGTCCTTTCCTGTTGACAATTAATCATCGGCA
galk ~ GTGTCCCATTCCCGACTCGCGAATCGTACGCGAGACCTGAAAGT  UL99galK 3’
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insertion’ TTATGAGTCAGCACTGTCCTGCTCCTT

Reversion CAACGTCCACCCACCCCCGGGACAAAAAAGCCCGCCGCCCCCT — UL99eGFP &
primer  TGTCCTTTGTGAGCAAGGGCGAGGAGCTGTTCACCG

Reversion GTGTCCCATTCCCGACTCGCGAATCGTACGCGAGACCTGAAAGT  UL99eGFP 3

primer  TTATGAGTTACTTGTACAGCTCGTCCATGCCGAGAGT

qPCR/RT ATGGTTTTGCAGGCTTTGATG UL122 FOR

qPCR
APCR/RT ACCTGCCCTTCACGATTCC ULIZ2REY
qPCR
RTgPCR GCCTTCCCTAAGACCACCAAT UL123 FOR
RTgPCR ATTTTCTGGGCATAAGCCATAATC UL123 REV
RTqPCR GGC GTG AAA AAC ATG CGT ATC AAC UL44 FOR
RTqPCR TAC AAC AGC GTGTCG TGC TCC G UL44 REV
RTgPCR CCCTCGGCTTCTCACAACAAT UL54 FOR
RTgPCR CGAGTTAGTCTTGGCCATGCAT UL54 REV
RTgPCR CACACAACACCGTCGTCCGATTAC UL32 FOR
RTqPCR GGTTTCTGGCTCGTGGATGTCG UL32 REV
RTqPCR GTGTCCCATTCCCGACTCG UL99 FOR
RTgPCR TTCACAACGTCCACCCACC UL99 REV
RTqPCR ACCCACTCCTCCACCTTTGAC GAPDH FOR
RTgPCR CTGTTGCTGTAGCCAAATTCGT GAPDH REV
qPCR CCCCTTCCATCACATTGCA MDM2 FOR
qPCR AGTTTGGCTTTCTCAGAGATTTCC MDM2 REV
89 ! Underlined sequences correspond to the pGalK sequences.
90 The Spectrum collection of compounds (MicroSource Discovery Systemts, Inc.) was used to

91  treat NuFF-1 cells (50 uM) for 2 hours (h) prior to infectection with TB40/EmCherry-UL99¢GFP at a
92 multiplicity of infection (moi) = 0.01 for 72 h. Viral replication was measured using mCherry (a

93 marker of infection) and eGFP (a marker of late viral replication) fluorecence, analyzed with an

94 Operetta High Content Imaging System (PerkinElmer). Deguelin and ganciclovir were both

95  purchased from Cayman. Deguelin and ganciclovir were reconsituted in DMSO. Deguelin was used
96  atvarious concentrations, as indicated throughout the text, and ganciclovir was used at 10 uM.

97 2.2. Cytotoxicity and Cytostaticity Assays

98  Cytotoxic effects of deguelin were measured by treating confluent NuFF-1 cells with varying

99  concentrations of deguelin for 3 days (d), as indicated. Cell proliferation was measured using the
100 CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega), in accordance to the
101  manufacturer’s instructions. Absorbance was read at 490 nm using a Cytation 3 cell imaging plate
102 reader (BioTek). Data is plotted as percent inhibition relative to vehicle (DMSO)-treated cells. Cell
103 doubling was assessed by seeding NuFF-1 cells at 25% confluence and treating with varying
104 concentrations of deguelin, as described in the text. After two cell doublings, cell proliferation was
105  measured using CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega), as described
106  above. Drug-treated cells were normalized to vehicle (DMSO)-treated cells.

107 2.3. Half Maximal Inhibitory Concentration (ICs0) Measurements

108  NuFF-1 cells were infected in the presence of varying concentrations of degeulin at either a high
109  multiplicity of infection (moi) of 1.0 or low moi of 0.01 for 7 or 14 d, respectively. Cell-associated
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110 DNA was isolated by phenochloroform-isoamyl alcohol precipitation, as previously described [15],
111 for quantitative PCR (qPCR) analyses (described in section 2.4) and viral supernatants were collected
112 for TCIDso analyses. ICso was determined using the on-line calculation tool:

113 https://www.aatbio.com/tools/ic50-calculator/

114 2.4. Viral RNA, DNA, and Protein Analyses

115 NuFF-1 cells were treated with deguelin (250 nM) or vehicle (DMSO) at the indicated concentrations
116  followed by infection with HCMV at multiplicities and durations indicated in the text for

117 subsequent RNA, DNA, or protein analyses. Total RNA was harvested, and viral transcripts were
118  measured by real time quantitative PCR (RTqPCR) using the primers listed in Table 1. Viral

119 transcripts were normalized to cellular GAPDH RNA levels. To assess viral DNA, cell-associated
120 DNA was harvested and assessed by qPCR using primers directed at UL122 (Table 1). All samples
121 were normalized to cellular MDM2 (Table 1). To determine viral protein production, cell lysates
122 were collected as indicated in the text and proteins were separated by SDS-PAGE and then

123 transferred to nitrocellulose using a semi-dry transfer apparatus (Owl). The following antibodies
124 were used: anti-IE2 (clone #3A9; ref. [16]) and anti-pp28 (clone #10B4-29; ref. [17]) each diluted at
125 1:1,000; anti-pUL44 (Virusys; diluted 1:10,000); and anti-alpha-tubulin (Sigma; diluted 1:5,000). In all
126 cases, membranes were incubated with IR Dye 680RD anti-mouse secondary antibody (1:15,000;
127  LI-COR) and scanned using an Odyssey Imaging System (LI-COR). Protein bands were visualized
128 by Image Studio Software (LI-COR). Fluorescence images were captured using a Olympus IX8

129 microscope and images were processed using Slidebook 5.0 software (3i).

130 3.Results
131 3.1. Deguelin treatment inhibits HCMV lytic replication

132 To identify novel FDA- or internationally-approved drugs that possess off-label antiviral activity
133 against HCMV, we analyzed viral replication in fibroblasts treated with compounds from the

134 commercially available Spectrum library (MicroSource Discovery Systems, Inc.). We pretreated
135 NuFF-1 cells with 50 uM of each compound for 2 hours (h), afterwhich we infected these cells with
136 TB40/EmCherry-UL99eGFP (UL99eGEFP) for 72 h at a multiplicity of 0.01 TCIDso/ml. UL99 encodes
137  the late (L) viral protein, pp28. We also included ganciclovir treatment, since it is a well-established
138  HCMV anti-viral and thus served as an internal control for the screen. We prioritized compounds
139  whose treatment resulted in a significant reduction in pp28, as measured by eGFP. One of the

140  compounds that caused effective inhibition of pp28 fusion protein expression was deguelin

141  (Spectrum). Thus we focused our efforts to understanding the imact of deguelin on HCMV

142 replication. First, we confirmed the above finding by pre-treating NuFF-1 cells with either vehicle
143 (DMSO) or deguelin (250 nM) for 1 h prior to infection with UL99eGFP (moi = 1.0). At 72 hpi, we
144 visualized each infected cell population by immunoflourescence and confirmed that deguelin

145 treatment significantly reduced the expression of the viral late protein encoded by UL99, pp28, fused
146  in-frame to eGFP, whose expression occurs only after efficient viral DNA replication (Figure 1).

147
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(a) (b)

Vehicle Deguelin (250 nM)

148 Figure 1. Deguelin significantly reduces the expression of late gene products in HCMV-infected
149 NuFF-1 cells. NuFF-1 cells were infected with TB40/EmCherry-UL99eGFP (UL99eGFP; moi = 1.0) in
150 the presence of (a) vehicle (DMSO) or (b) deguelin (250 nM) or for 72 h. Red, mCherry (marker of
151 infection); green, eGFP (pp28 expression).

152 Herpesvirus lytic replication is a highly coordinated phase of infection, during which viral

153 genes are expressed in a synchronized cascade. Immediate early (IE) genes are transcribed first,

154  whose proteins are involved in immune evasion and facilitate the expression of early (E) genes. E
155  proteins facilitate viral DNA replication, which once completed, triggers the expression of L genes
156  and their proteins, which encode virion components and facilitate viral egress. If any of these stages
157  are impeded, the following step in the cascade is also impacted. Since we observed deguelin

158  treatment inhibited pp28 expression, we next asked if viral DNA replication is impacted by deguelin
159  and at what concentration. To this end, we pretreated NuFF-1 cells for 1 h with deguelin at varying
160  concentrations and then infected these cells with UL99¢GFP at a high (moi = 1.0; 7 d) or low (moi =
161  0.01; 14 d) multiplicity. At each respective time point, we assessed the cell-associated viral DNA by
162 gPCR for the viral genome, and then calculated the deguelin concentration at which viral DNA is
163 reduced by half (ICso). Our results show that deguelin treatment significantly reduces HCMV

164 cell-associated viral DNA at both multiplicities tested. We found that for the high moi, the ICso

165  concentration for deguelin was 55.8 nM, whereas the deguelin ICso value for the low moi infection
166  was 23.4 nM (Figure 2A,B). We anticipated a lower ICso value for the low moi infection, as such

167  growth curves require subsequent rounds of viral replication and infection.

168 We reasoned that this significant reduction in cell-associated viral DNA would result in a

169  significant impact on the production of infectious virus. Hence, to determine the impact of deguelin
170  on the release of extracellular, infectious virions, we pre-treated NuFF-1 cells with vehicle (DMSO)
171  or varying concentrations of deguelin for 1 h, and then infected these cells with UL99¢GFP (moi =
172 1.0) for 7 d. We then harvested the cell-free supernatant and determined the titer of virus released by
173 TCIDso on naive NuFF-1 cells. We found that as little as 72 nM was sufficient to inhibit infectious
174 virion production by half (Figure 2C). If the compound adversely impacts the health of the host cell
175  irrespective of viral infection, we would expect to observe a reduction in viral replication following
176  drug treatment, thereby leading to a false-positive result when measuring the antiviral response.
177 Thus, to determine the toxicity of deguelin on NuFF-1 cells in the absence of HCMYV infection, we
178  monitored cell viability by quantifying cellular metabolic activity as well as cell doubling times after
179  treatment with deguelin in various concentrations. Importantly, we found that deguelin treatment is
180  neither cytotoxic nor cytostatic to NuFF-1 cells at concentrations found to be inhibitory to HCMV
181  replication (Figure 3a&b). Taken together, our in vitro findings show that deguelin inhibits HCMV
182  lytic replication at concentrations that display little-to-no adverse effect on cell viability.

183
184
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185 Figure 2. Deguelin suppresses HCMV replication in infected fibroblasts. NuFF-1 cells were
186 infected with UL99eGFP in the presence of vehicle (DMSO) or deguelin at either (a) a high
187 multiplicity (moi = 1.0) for 7 d or (b) a low multiplicity (moi = 0.01) for 14 d. Cell-associated DNA was
188 harvested from the respective cultures and analyzed by qPCR using primers directed at UL122.
189 Samples were analyzed in triplicate and normalized to cellular MDM2. (c¢) NuFF-1 cells were infected
190 as in (a), and at 7 dpi, cell-free virus was harvested and viral titers were analyzed by TCIDso. For all
191 panels, error bars represent standard deviation of three technical replicates. Replicate assays were
192 performed (n = 3), and a representative biological replicate is shown in each panel.
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193 Figure 3. Deguelin treatment is not cytotoxic or cytostatic to fibroblasts. (a) NuFF-1 cells were
194 grown to confluence and then treated with vehicle (DMSO) or increasing concentrations of deguelin,
195 as indicated, for 72 h. Cell viability was then assessed by MTT assay. Data was recorded at 570 nm
196 using a Cytation 3 plate reader. Data is presented as percent (%) inhibition relative to vehicle. (b)
197 NuFF-1 cells were plated at 25% confluence and then treated with vehicle (DMSO) or increasing
198 concentrations of deguelin. Cells were allowed to undergo two cell doublings, and were then
199 assayed using the method used in (a). Data is presented as the number of cells relative to vehicle.
200 Error bars represent the standard deviation of three technical replicates. Replicate assays were
201 performed (n = 3), and a representative biological replicate is shown in each panel. Statistical
202 analyses was performed using Student’s t-test between each indicated concentration relative to the
203 vehicle-treated cells; * p <0.01.

204  3.2. Degquelin treatment effectively inhibits ganciclovir-resistant HCMV

205  Nucleoside analogues are the standard of care treatment administered to patients undergoing

206 HCMYV reactivation, the most common which is ganciclovir. However, some strains of HCMV are
207  resistant to this anti-viral, rendering these patients refractive to this treatment. Ganciclovir resistance
208  is attributed to mutations within the HCMV-encoded kinase, UL97 underscoring the need for novel
209  therapies to suppress HCMV lytic replication. The reported effects of deguelin on cancer cells are
210 mediated through host cell protein targeting and thus we predict that it does not require kinase

211 phosphorylation to function. Therefore, we hypothesized that a ganciclovir-resistant HCMV strain
212 would be sensitive to this drug. To determine the effectiveness of deguelin on inhibiting

213 ganciclovir-resistant HCMV, we utilized TReGFP. This BAC-derived strain lacks codons 591-594 of
214 UL97, rendering it less responsive to ganciclovir treatment [18]. First, we pretreated NuFF-1 cells
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215  with the well-established effective dose of ganciclovir (10uM) for 1 h. We then infected these

216  cultures with either UL99¢GFP (a TB40/E-derived recombinant) or TReGFP for 7 d (moi = 1.0). We
217  then measured viral DNA replication by quantifying viral genomes using qPCR. We confirmed that
218  TReGFP was less responsive to this treatment compared to UL99eGFP (Figure 4A). While,

219  ganciclovir did inhibit TReGFP by approximately 50 percent, UL99eGEP displayed almost 97%

220  inhibition following ganciclovir treatment. However, when we repeated this experiment using

221  deguelin, we found that viral DNA replication from both UL99¢GFP and TReGFP were significantly
222 inhibited following 250 nM deguelin treatment by approximately 95% (Figure 4B). These data

223 suggest that deguelin inhibits ganciclovir-resistant HCMV.
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224 Figure 4. Ganciclovir-resistant HCMV is sensitive to deguelin treatment. NuFF-1 cells were treated
225 with (a) ganciclovir (10 uM) or (b) deguelin (250 nM) for 1 h, after which cultures were infected with
226 either TB40/EmCherry-UL99eGFP (UL99¢GFP) or TReGEP for 7 d (moi = 1.0). Vehicle-treated cells in
227 each case received DMSO. Cell-associated viral DNA was assessed by qPCR using primers directed
228 at UL122. Each sample was analyzed in triplicate and normalized to cellular MDM?2. Data is
229 presented as the ratio of ULI22/MDM?2 relative to vehicle. Error bars represent the standard
230 deviation of three technical replicates. Replicate assays were performed (n = 3), and a representative
231 biological replicate is shown in each panel. Statistical significance was calculated by two-way
232 ANOVA, ** p <0.0001.

233 3.2. Lytic gene transcription is inhibited by deguelin treatment

234 Our data reveal that deguelin treatment impacts L viral protein expression (Figure 1) and viral DNA
235  replication is significantly decreased in the presence of deguelin (Figure 2a&b). Our findings also
236  indicate that deguelin treatment blocks the production of infectious virions (Figure 2c). To begin to
237  understand the point during viral lytic replication at which deguelin functions, we pre-treated

238  NuFF-1 cells with vehicle (DMSO) or deguelin (250 nM) and then infected these cells with UL99eGFP
239 (moi=1.0). We collected total RNA at the indicated time points and assessed two representative
240  genes from each class of lytic gene transcription: UL123 and UL122 (IE), UL44 and UL54 (E), UL32
241  and UL99 (L). We found that IE transcription was unaffected over the first 12 hpi in response to

242 deguelin treatment (Figure 5 a&b), though we noted a minor yet statistically significant difference by
243 24 hpi. However, we found that deguelin significantly impacted each E and L viral transcript we
244 tested by 4 dpi (Figure 5). These data suggest that deguelin impacts E and L viral gene transcription
245 but does not affect IE gene expression.
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Figure 5. Treatment of HCMYV infected fibroblasts with deguelin decreases IE, E, and L gene
transcripts. NuFF-1 cells were treated with vehicle (DMSO) or deguelin (250 nM) for 1 h, after which
cultures were infected with UL99¢eGFP (moi = 1.0). Total RNA was collected at the indicated time
points. Viral transcripts were assessed by RTqQPCR using the following primers: UL123 and UL122
(IE); UL44 and UL54 (E); UL32 and UL99 (L). Each sample was analyzed in triplicate and normalized
to cellular GAPDH. Error bars represent the standard deviation of three technical replicates.
Replicate assays were performed (n = 3), and a representative biological replicate is shown in each
panel. Statistical significance was calculated by two-way ANOVA, * p < 0.05, ** p < 0.005, ** p <
0.0001.

3.2. Deguelin inhibits viral Early protein expression

To further dissect the stage of lytic replcation impacted by deguelin treatment, we next asked if viral
protein expression was impacted. We treated NuFF-1 cells with either vehicle (DMSO) or deguelin
(250 nM) for 1 h and then infected these cells with UL99¢GFP (moi = 1.0). We collected total protein
lysates over a time course of 4 d and assessed a representative viral protein from each of the kinetic
classes of viral proteins. Consistent with our RNA data (Figures 5), we found that E (pUL44) and L
(pp28) protein expression was significantly decreased in the deguelin-treated cells compared to
those treated with vehicle. Additionally, we found that IE2-86, an IE protein, though slightly
delayed in the deguelin-treated cells, was not significantly affected compared to vehicle. However,
IE2-60, an IE2 protein isoform that accumulates at late times of infection, displayed a significant
reduction in protein expression in deguelin-treated cells compared to those that received vehicle
treatment (Figure 6). Taken together, these data suggest that deguelin impacts HCMV lytic
replcation at times consistent with E gene/protein production.
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268 Figure 6. Deguelin treatment results in a reduction of E protein translation in HCMYV infected fibroblasts.
269 NuFF-1 cells were treated with vehicle (DMSO) or deguelin (250 nM) for 1 h, after which cultures were infected
270  with UL99eGFP (moi = 1.0). Total cell lysates were collected over 4 d and viral protein expression was assessed
271 by immunoblot for the following proteins: IE2-86 (IE), pUL44 (E), pp28 (L), and IE2-60 (L). Tubulin is shown as
272 a loading control. Data is from a representative experiment (n = 3).

273 4. Discussion

274 In the current study, we have shown that the naturally occurring rotenoid deguelin
275  significantly inhibits HCMV lytic replication. Specifically, our results indicate that sub-micromolar
276  levels of deguelin impacts HCMV lytic replication as early as viral E transcript and protein
277  expression. In turn, viral DNA, viral L gene and protein expression, and the production of infectious
278  virus are all significantly decreased compared to infected fibroblasts that were treated only with
279  vehicle. Importantly, HCMV strains that are resistant to ganciclovir treatment remain sensitive to
280  deguelin treatment. Collectively, our data reveal a potentially new therapy to inhibit HCMV lytic
281  replication.

282 Deguelin has been studied for just over 20 years, and much of the work has focused on its
283  potential use as an anti-cancer agent. More specifically, investigators have found deguelin displays
284  anti-cancer activities both in vitro and in vivo for a variety of cancers across tissue types, including
285 non-small cell lung cancer [19-22], triple negative breast cancer [23,24], prostate cancer [25], gastric
286 cancer [26-28], hepatocellular carcinoma [29,30], esophageal squamous cell carcinoma [31,32], acute
287  myeloid leukemia [33-36], pancreatic cancer [37-39], head and neck squamous cell carcinoma [40-42],
288  lung squamous cell carcinoma [43], and androgen receptor-positive breast cancer [44]. Deguelin
289  induces apoptosis in non-small cell lung cancer cells, for example, by repressing Noxa through Bmil
290  regulation [22]. This compound also down-regulates hexokinase II-mediated glycolysis in these
291  cancer cells [20], suggesting that deguelin functions are multifaceted. Deguelin also targets multiple
292  signaling pathways, including Wnt/B-catenin, NF«B, and PI3K/Akt, all of which are pro-survival
293  pathways. Coupled with its ability to induce pro-apoptotic factors, deguelin clearly inhibits both cell
294  survival and cell proliferation. In the case of lung squamous cell carcinoma cells, deguelin induces
295  apoptosis via regulating galectin-1 expression [43]. In other settings, such as hepatocellular
296 carcinoma cells, deguelin attenuates HGF-mediated c-Met activation, leading to vascular endothelial
297  growth factor (VEGF) suppression, thereby suppressing angiogenesis and reducing pro-angiogenic
298  factors in these cells [30]. In line with this observation, several groups have reported that deguelin
299  inhibits hypoxia inducible factor-1a (HIF-1a) [45], a cellular protein overexpressed in many cancers.
300  HIF-la promotes tumor growth and metastases by promoting angiogenesis and regulating host cell
301  metabolism. Like its function in regulating apoptosis, deguelin uses multiple mechanisms to inhibit
302  angiogenesis. The ability of this compound to target multiple pathways involved in the progression
303 of cancer has made deguelin an attractive, novel anti-cancer treatment.

304 As discussed above, deguelin inhibits a variety of signaling pathways that ultimately lead to the
305  inhibition of cell survival and proliferation. Interestingly, many viruses, including HCMV, require
306  many of these same factors that deguelin inhibits. For example, HCMV activates both the PI3K and
307  mTORC1 pathways [46], both of which are inhibited by deguelin [42,47,48]. In line with these data,
308 HCMV stimulates survivin by inducing IL-6 [49], while deguelin inhibits survivin [10], a
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309  downstream target of the mTOR signaling [50]. During lytic replication, HCMV activates NF«B
310  signaling, via upregulation of IkB kinases (IKKs), and in fact activation of this pathway is critical for
311  activating the MIEP [51]. Deguelin, however, inhibits NFkB signaling and it's downstream regulated
312 genes by suppressing IKKs [52]. Similarly, as mentioned above, deguelin inhibits VEGF [30,45],
313 HIF-1a [45]), and Wnt/B-catenin [53], all of which HCMV activates during lytic replication [54-58].
314  Since deguelin inhibits many of the same pathways HCMV activates, it is attractive to speculate that
315  the underlying mechanism of deguelin inhibition of HCMV lytic replication is multifaceted.
316  Targeting cellular factors rather than those that are viral is a benefit, as most anti-viral compounds
317  are directed against a specific viral protein. This is in contrast to anti-cancer therapies, which are
318  directed against a host protein or pathway. Host-directed targeting as an antiviral therapeutic is
319  attractive, as it limits viral resistance accumulation and has the capacity to target a wide range of
320  viruses from distinct families. We propose that deguelin possesses antiviral characteristics and may
321  serve as a suitable substrate for the development of novel antiviral compounds with
322  pharmacological properties suitable for drug development.

323 5. Conclusions

324 In summary, the naturally occurring rotenoid, deguelin significantly inhibits HCMV lytic
325  replication. Importantly, we have shown that deguelin is effective at inhibiting ganciclovir-resistant
326 HCMV, and thus may prove a suitable alternative therapeutic to treat multi-drug resistant HCMV.
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