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ABSTRACT  20 

 21 

 The shortcomings of current direct acting anti-viral therapy against human 22 

cytomegalovirus (HCMV) has led to interest in host directed therapy. Here we re-23 

examine the use of interferon proteins to inhibit HCMV replication utilizing both 24 

high and low passage strains of HCMV. Pre-treatment of cells with interferon 25 

alpha (IFN) was required for robust and prolonged inhibition of both low and 26 

high passage HCMV strains, with no obvious toxicity, and was associated with an 27 

increased anti-viral state in HCMV infected cells. Pre-treatment of cells with IFN 28 

led to poor expression of HCMV immediate-early proteins from both high and low 29 

passage strains, which was associated with presence of the anti-viral factor 30 

SUMO-PML. Inhibition of HCMV replication in the presence of IFN involving 31 

ZAP proteins was HCMV strain-dependent, wherein a high passage HCMV strain 32 

was obviously restricted by ZAP and a low passage strain was not. This 33 

suggested that strain specific combinations of antiviral factors were involved in 34 

inhibition of HCMV replication in the presence of IFN. Overall, this work further 35 

supports the development of strategies involving IFN that may be useful to 36 

inhibit HCMV replication and highlights the complexity of the antiviral response to 37 

HCMV in the presence of IFN.   38 

  39 
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INTRODUCTION 40 

 41 

 The betaherpesvirus human cytomegalovirus (HCMV) remains a notable 42 

cause of human morbidity and mortality worldwide (1). While many different 43 

vaccine candidates are in development, there is no widely available vaccine 44 

against HCMV (1). Those direct acting anti-HCMV drugs currently in clinical use 45 

have many shortcomings, including drug resistance and toxicity (1-3).  46 

 Recently developed approaches to inhibiting HCMV replication have 47 

focused on host directed therapy, which positively or negatively influences 48 

cellular factors involved in HCMV replication (3). Prominent examples of these 49 

strategies include the use of artemisinin compounds and kinase inhibitors that 50 

inhibit cellular factors required for HCMV replication (3). However, other areas of 51 

host directed therapy remain largely unexplored and/or require re-examination. 52 

This includes exploring use of different interferon proteins to inhibit HCMV 53 

replication, as there may be multiple interferon proteins capable of inhibiting 54 

HCMV replication. Plus, there are aspects of interferon action on HCMV 55 

replication which have not been recently revisited, such as the possible 56 

reversible inhibition of HCMV replication in the presence and absence of 57 

interferon (4).  58 

 Exposure of cells to interferon proteins results in an intracellular anti-viral 59 

state, which comes about by interaction of interferon proteins with cell surface 60 

receptors, leading to an intracellular signaling cascade, which promotes 61 

expression of multiple anti-viral proteins (5). Arguably, the type I interferon 62 
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response, stimulated by interferon  or  proteins, is the most widely studied 63 

interferon response against HCMV.  64 

Inhibition of HCMV replication by type I interferon proteins has a long 65 

history, with early reports suggesting that interferon could not inhibit HCMV 66 

replication (6). However, this may have been the result of low concentrations of 67 

type I interferon proteins used in the study (6). More recent studies have strongly 68 

indicated that the type I interferon response is inhibitory to HCMV replication. 69 

This data includes a report where HCMV secretion was inhibited upon 70 

administration of IFN to patients (7), several reports indicating that pre-71 

treatment of cells before infection in vitro with type I interferon proteins restricted 72 

HCMV replication (4, 8-11), and the observation that inhibition of type I interferon 73 

signaling allows greater replication of HCMV in vitro (12). Additionally, numerous 74 

reports of HCMV encoded mechanisms to antagonize interferon production, 75 

antagonize interferon signaling or antagonize the function of anti-viral proteins 76 

expressed in response to interferon emphasize that the type I interferon 77 

response is a barrier to HCMV replication (13-15).  78 

However, it is not well understood how the presence of type I interferon 79 

proteins affects the molecular mechanisms of HCMV replication, in particular the 80 

ability of different HCMV strains to evade inhibition by the type I interferon 81 

response. We have recently demonstrated that a low passage strain of HCMV 82 

whose genome content is similar HCMV clinical isolates (strain Merlin) was able 83 

to efficiently inhibit the production of the anti-viral factor zinc finger antiviral 84 

protein (ZAP) in response to type I interferon, whereas a high passage laboratory 85 
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strain commonly used in laboratory experiments and containing a genomic 86 

deletion plus several mutations (strain AD169) could not (16). Comparison of 87 

how these different HCMV strains might replicate in the presence of type I 88 

interferon proteins and how this might relate to the action of anti-viral factors 89 

such as ZAP has not, to our knowledge, been performed. 90 

HCMV interaction with interferon proteins beyond the type I response also 91 

requires further exploration. For example, the interaction of HCMV with the type 92 

III interferon response. Although type I (IFN) and III (IFN) interferon proteins 93 

utilize different receptor complexes to activate intracellular signaling, the 94 

repertoires of anti-viral proteins produced by each response is broadly similar (5). 95 

These repertoires include proteins such ZAP (17), that we and others have 96 

demonstrated are anti-HCMV proteins (16, 18, 19). This suggests that, like 97 

IFN, IFN proteins could inhibit HCMV replication. This is supported by 98 

reports that certain gene alleles associated with expression of IFN proteins can 99 

positively or negatively affect control of HCMV replication in vivo (20-22) and a 100 

report that treatment of intestinal cells with IFN could limit HCMV protein 101 

production (23). HCMV replication in the presence of IFN was not assessed in 102 

the aforementioned study (23).  103 

Additionally, there may be long-standing observations about the 104 

interaction of HCMV and interferons that may need to be revisited to understand 105 

how those proteins can be used in a therapeutic setting.. A previous study 106 

examining treatment of HCMV infected human fibroblast cell cultures from 107 

foreskin biopsies with type I interferon indicated that inhibition of HCMV 108 
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replication was reversible (4). Similar observations have been made upon 109 

infection of murine cells, including fibroblastic murine cells, with a 110 

betaherpesvirus related to HCMV, murine cytomegalovirus (MCMV) (24-26). In 111 

those experiments the presence of type I interferon could promote MCMV latency 112 

(24-26). Together, these data suggest reversible inhibition of virus replication by 113 

type I interferon is a common feature of betaherpesvirus replication. To our 114 

knowledge, the reversible effects of type I interferon on HCMV replication has not 115 

been revisited since (4).  116 

 As we have previously suggested that there may be differences in the 117 

ability of HCMV strains to inhibit responses to IFN (16), we set out to test the 118 

ability of a high passage laboratory strain (AD169) and a low passage strain 119 

Merlin(R1111), similar to wild type HCMV, to replicate in the presence of a IFN 120 

or IFN While IFN had very little effect on HCMV replication, we observed 121 

robust and prolonged inhibition of HCMV replication upon pre-treatment of cells 122 

with IFN before HCMV infection, with no obvious toxicity. This inhibition of 123 

HCMV replication was associated with loss of immediate early protein expression 124 

and the presence of the known anti-viral protein PML-SUMO. Consistent with our 125 

previous observations (16), the role of ZAP in inhibiting HCMV replication was 126 

strain dependent; wherein ZAP inhibited replication of AD169, but Merlin 127 

considerably less so. Our observations emphasize that multiple anti-viral 128 

proteins, including ZAP, are likely responsible for inhibition of HCMV replication 129 

in the presence of IFN  130 

  131 
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MATERIALS & METHODS 132 

 133 

Cells and viruses 134 

 135 

Human foreskin fibroblast (HFF) cells (clone Hs27) were obtained from 136 

American Type Culture Collection, no. CRL-1634 (ATCC, Manassas, VA). Bulk 137 

populations of HFF cells containing CRISPR inhibiting expression of either 138 

Luciferase or all ZAP isoforms have been previously described (16). All cells 139 

were maintained in complete media: Dulbecco’s Modified Eagle’s Medium 140 

(DMEM) (Gibco) containing 10% (v/v) fetal bovine serum (FBS) (Gibco), plus 1% 141 

mixture of penicillin and streptomycin.  142 

HCMV strain AD169 was a gift from Donald Coen (Harvard Medical 143 

School). The generation of HCMV strain Merlin(R1111), which contains 144 

mutations in genes RL13 and UL128 to allow release of cell-free virus, from a 145 

bacmid has been reported previously (27). AD169 virus expressing green 146 

fluorescent protein (GFP) from an ectopic site in the AD169 genome under 147 

control of the HCMV major immediate early (IE) promoter (AD169-GFP) was 148 

generated from a bacmid as described in (28). Merlin(R2582), a virus derived 149 

from Merlin(R1111) that expresses a fusion peptide of the HCMV IE protein UL36 150 

and GFP separated by a self-cleaving P2A protein sequence, has also been 151 

previously described (29).  In all cases, titers were determined by serial dilution 152 

of viral supernatant onto HFF monolayers, which were then covered in DMEM 153 

containing 5% (v/v) FBS, antibiotics and 0.6% (w/v) methylcellulose. After 154 
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incubation for 14 days, cells were stained with crystal violet and plaques in the 155 

infected cell monolayers were counted. Titre was expressed as plaque-forming 156 

units (p.f.u.)/ml. 157 

 158 

Viral yield reduction assays   159 

 160 

HFF cells were plated at 5 × 104 cells per well in 24-well plates. After 161 

overnight incubation, cells were either infected with 5 × 104 plaque forming units 162 

(p.f.u.) of HCMV or incubated for a further 24 hours in the presence or absence 163 

of interferon or drug without infection. After this further 24 hour period cells 164 

incubated in the presence or absence of interferon or drug without infection were 165 

infected with 5 × 104 p.f.u. of HCMV. HCMV viruses used in each experiment are 166 

indicated in the text and figure legends. In each case, after virus adsorption for 1 167 

hour at 37°C, cells were washed and incubated with 0.5 ml of media in the 168 

presence or absence of interferons or drug throughout virus replication. Infected 169 

cells were incubated for 96 hours at 37°C before supernatant was removed from 170 

cells for analysis of virus titre by plaque counting, as described in the previous 171 

section. Data showing virus production over time is shown in Figure S1A.  172 

 173 

 174 
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Interferons and Ruxolitinib 175 

 176 

Interferon- (INTRON A (interferon alfa-2b), Merck) was a kind gift from 177 

Steve Goodbourn (St George’s, University of London). Interferon- was 178 

purchased from Bio-Techne. Both interferon proteins were resuspended in 179 

complete cell culture media. Ruxolitinib was purchased from Cambridge 180 

Bioscience and resuspended in dimethyl sulfoxide (DMSO). In all experiments 181 

cells were treated with 1000U/ml of Interferon- (or the equivalent volume of 182 

complete cell culture) 100 ng/ml Interferon- (or the equivalent volume of 183 

complete cell culture) or 10 M Ruxolitinib (or the equivalent volume of DMSO). 184 

The final concentration of DMSO in all experiments was maintained at <1% (v/v). 185 

In all experiments, cells were treated with the concentrations of interferons 186 

mentioned above as these were the concentrations at which maximum inhibition 187 

of HCMV replication was observed. Use of higher concentrations of interferons 188 

did not yield greater inhibition of HCMV replication (Fig. S1B and S1C).  189 

 190 

Western blotting 191 

 192 

Conditions under which HFF or HFF CRISPR cells were infected are 193 

detailed in the text and figure legends. Lysate of uninfected or infected cells were 194 

prepared for western blotting by washing the cells once in phosphate-buffered 195 
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saline (PBS, SIGMA), suspending the cells directly in 2 x Laemmli buffer 196 

containing 5% −mercaptoethanol, and incubating at 95oC for 5 min.  197 

Proteins were separated on 8% or 10% (v/v) polyacrylamide gels and 198 

transferred to a Hybond-ECL membrane (Amersham Biosciences) using a semi-199 

dry protein transfer apparatus. The membranes were blocked at room 200 

temperature for at least 90 min using TBS containing 0.1% Tween-20 and 5% 201 

dried powdered milk (TBSTM) and then incubated overnight at 4oC in TBSTM 202 

plus primary antibodies: antibodies recognizing HCMV IE1/2, UL57, or pp28, (all 203 

Virusys, 1:1000 dilution), -actin (SIGMA, 1:5000 dilution), ZAP (Abcam, 204 

ab154680, 1:5000 dilution, recognizing all ZAP isoforms), MxA, STAT1-Tyr701p 205 

(both Cell Signaling, #43575, 1:1000 dilution), PML (Bethyl, A301-167A, 1:1000 206 

dilution), MRPS39 (PTCD3) (ProteinTech, 25158-1-AP, 1:1000 dilution) and 207 

TOM20 (ProteinTech, 11802-1-AP, 1:1000 dilution). 208 

After incubation in TBSTM with primary antibodies, the membrane was 209 

washed extensively with TBST and incubated for 60 min at room temperature 210 

with TBSTM containing anti-mouse- or anti-rabbit-horseradish peroxidase (HRP) 211 

conjugated antibodies (Millipore and Cell Signaling Technologies, respectively), 212 

to detect primary antibodies. After further washing with TBST and TBS, 213 

chemiluminescence solution (GE Healthcare) were used to detect secondary 214 

antibodies on x-ray film (GE Healthcare).  215 

Where indicated in the text relative band intensity (band intensity relative 216 

to β-actin signal in the same lane) was analyzed using ImageJ software, obtained 217 

from the NIH (USA). 218 
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Cell number and viability (MTT) assays 219 

 220 

To count cells, HFF cells were seeded at high or low concentrations cells 221 

per well into 24-well plates. High numbers of cells (5 x 104 cells per well) were to 222 

assess cell viability, whereas low numbers of cells (5 x 103 cells per well) were to 223 

assess both cell viability and cell proliferation. After overnight incubation to allow 224 

cell attachment, cells were treated for 96 hours with IFN or left untreated. Cells 225 

were removed from wells using trypsin, resuspended in complete cell media and 226 

counted using a Countess Automated Cell Counter (Invitrogen) using the 227 

manufacturers instructions.  228 

In MTT assays, HFF were seeded at high (5 x 103 cells per well) or low (5 229 

x 102 cells per well) numbers cells per well into 96 well plates. After overnight 230 

incubation to allow cell attachment, cells were treated for 96 hours with IFN or 231 

left untreated. MTT assays were carried out on cells in the wells of 96 well plates 232 

according to the manufacturer's instructions (GE Healthcare). The ability of 233 

cellular NAD(P)H-dependent cellular oxidoreductase enzymes to reduce the 234 

tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 235 

(MTT) to formazan was measured in colorimetric assay, read on a FLUOstar 236 

Omega Microplate Reader.  237 

 238 

 239 

https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Formazan
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Flow cytometry analysis 240 

 241 

Cells were infected with GFP expressing viruses as described in the text 242 

and figure legends. At 24 hours post infection, uninfected and infected cells were 243 

trypsinized, washed once in phosphate buffered saline (PBS), and then 244 

resuspended in PBS. GFP expression in cells was analyzed using flow 245 

cytometry. In each case, 10,000 cells were acquired using a Beckman Coulter 246 

CytoFLEX S cytometer. Data were analyzed using FlowJo V10 to determine 247 

number of GFP positive cells and mean fluorescent intensity of GFP positive 248 

cells. 249 

 250 

  251 
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RESULTS 252 

 253 

Pre-treatment of HFF cells with IFN robustly inhibited replication of HCMV 254 

 255 

 We compared inhibition of AD169 and Merlin(R1111) replication when 256 

IFN was added to human foreskin fibroblast (HFF) cells at the time of infection 257 

or when HFF cells were pre-treated with IFN before infection (Figs. 1A(i) and 258 

1A(iv), respectively). Addition of IFN at the time of infection had a modest effect 259 

on AD169 replication, but no obvious impact on Merlin(R1111) replication (Figs 260 

1A(ii) and (iii)).  However, pre-treatment of HFF cells with IFN before infection 261 

resulted in robust inhibition of both AD169 and Merlin(R1111) replication (Figs. 262 

1A (v) and (vi)), indicating that setting an anti-viral state within HFF cells before 263 

infection was required for robust inhibition of replication of both HCMV strains. 264 

To confirm that inhibition of type I interferon signaling before infection 265 

could influence HCMV replication, in the absence of exogenous IFN HFF cells 266 

were also pre-treated with the Janus-kinase inhibitor Ruxolitinib (Fig. 1B(i)), 267 

which inhibits intracellular signaling from the type 1 interferon receptor. 268 

Treatment of HFF cells with Ruxolitinib resulted in increased replication of both 269 

AD169 and Merlin(R1111) (Fig. 1B(ii) and 1B(iii)), confirming that type 1 270 

interferon signaling could inhibit replication of both HCMV strains.   271 

 We also analyzed how pre-treatment of HFF cells with IFN before 272 

infection stimulated an anti-viral state. We analyzed expression of MxA, a 273 

canonical protein expressed in response to type 1 interferon proteins, in the 274 
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presence and absence of IFN (Fig. 2) The presence of IFN stimulated MxA 275 

expression in uninfected HFF cells. In AD169 and Merlin(R1111) infected HFF 276 

cells pre-treated with IFN, MxA expression was greater than in HFF cells not 277 

pre-treated with IFN  This increased anti-viral state in infected HFF cells pre-278 

treated with IFN largely persisted over the course of infection in HFF cells 279 

infected with both HCMV strains, which could explain why robust inhibition of 280 

both AD169 and Merlin(R1111) was observed in Figure 1.   281 

 282 

 283 

Treatment with IFN did not cause overt cellular cytotoxicity 284 

 285 

 As shown by many small molecule inhibitors of HCMV replication (3),  286 

anti-viral activity can be due to cellular cytotoxicity of compounds, not an anti-287 

viral effect. Therefore, to ensure that inhibition of HCMV replication by AD169 288 

and Merlin(R1111) seen in Figure 1 was not due to cellular cytotoxicity caused by 289 

exposure of cells to IFN  we analyzed cell division (Fig. S2A) and cellular 290 

cytotoxicity (Fig. S2B) in uninfected cells exposed to IFN These assays were 291 

carried out using a high number of HFF cells (similar to that used in Figs. 1 and 292 

2) to examine cell viability and a low number of HFF cells to examine both cell 293 

viability and cell proliferation of IFN treated cells.  294 

 Treatment of HFF cells with IFN did not result in any reduction in cell 295 

numbers using high or low numbers of cells (Fig. S2A). However, when cells 296 

were analyzed with a cytotoxicity assay that measures mitochondrial activity 297 
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(MTT assay), treatment of HFF cells with IFN resulted in a modest deficit in cell 298 

viability at low numbers of cells (Fig. S2B). When HFF cells were analyzed for 299 

expression of mitochondrial proteins (mitochondrial ribosome protein MRPS39 300 

and mitochondrial membrane protein TOM20), no difference in the expression of 301 

mitochondrial proteins was found in the presence and absence of IFN (Fig. 302 

S1C). Therefore, the deficit in mitochondrial activity in the presence of IFN at 303 

low cell concentrations was not due to a deficit in number of mitochondria in 304 

those conditions. Overall, these data indicated that exposure of cells to IFN did 305 

not cause obvious cytotoxicity and, therefore, indicated that the inhibition of 306 

HCMV replication seen in Figure 1 was unlikely to be due to cytotoxic effects of 307 

IFN on cells. However, IFN could have very modest effect on HFF cell viability 308 

under certain conditions, which may have had a minor influence on the ability of 309 

HFF cell cultures to support HCMV replication.  310 

 311 

Robust inhibition of HCMV replication by IFN, but not IFN 312 

 313 

 Before examining the action of IFN in greater detail, we also compared 314 

the ability of IFN and IFN to inhibit HCMV replication. As in Figure 1, pre-315 

treatment of HFF cells with IFN resulted in robust inhibition of AD169 and 316 

Merlin(R1111) replication (Figs. S3A(i) and S3A(ii)). Pre-treatment of HFF cells 317 

with IFN resulted in a modest, but not statistically significant, inhibition of either 318 

HCMV strain (Fig. S3A(i) and S3A(iii)). Consistent with these observations, we 319 

observed obvious differences in the ability of IFN and IFN to stimulate 320 
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phosphorylation of STAT1 (STAT-Tyr701p, which occurs on activation of both the 321 

type I and type III interferon receptors) and the expression of MxA (Fig. S3B). 322 

Thus, the differences in the ability of the different interferon proteins to inhibit 323 

HCMV replication likely reflected their abilities to simulate an anti-viral state in 324 

HFF cells. In this experimental setting only IFN could robustly inhibit HCMV 325 

replication.  326 

 327 

Inhibition of HCMV replication was associated with inhibition of HCMV 328 

entry and protein expression 329 

 330 

 To understand how IFN inhibited HCMV replication, we examined 331 

expression of proteins produced from each class of HCMV transcription (Fig. 3A). 332 

Pre-treatment of HFF cells with IFN resulted in poor protein expression from 333 

each class (IE1/2, UL57 and pp28) in both AD169 and Merlin(R1111) infected 334 

HFF cells (Fig. 3B). Poor of UL57 and pp28 expression was likely the result of 335 

poor immediate-early protein (IE1/IE2) expression. IFN inhibited IE protein 336 

production at all times points tested during AD169 and Merlin(R1111) replication 337 

(Fig. S1C). 338 

We then sought to understand if poor of IE1/2 expression in the presence 339 

of IFN was due to a defect in HCMV entry into the cell or due to lack of protein 340 

expression in infected cells. Therefore, we assayed the ability of HCMV viruses 341 

expressing green fluorescent protein (GFP) (AD169-GFP and Merlin(R2582) (28, 342 

29) to infect cells. We reasoned that if the number of cells expressing GFP in the 343 
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presence and absence of IFN was similar, IFN did not inhibit HCMV entry into 344 

the cell. Furthermore, we reasoned that if the number of cells expressing GFP 345 

was similar in the presence and absence of IFN but the fluorescence intensity 346 

of GFP expressing cells decreased in the presence of IFN then pre-treatment 347 

of cells with IFN did not inhibit HCMV entry into the cell, but did inhibit protein 348 

expression from the HCMV genome.  349 

 We observed that pre-treatment of HFF cells with IFN resulted in a 350 

decrease in both the number of cells expressing GFP and the fluorescence 351 

intensity of GFP in infected cells (Figs. 3C and 3D), albeit the effect of IFN on 352 

Merlin(R2582) was very modest in one experimental replicate, affecting the 353 

overall statistical significance of the data (Fig. 3D). Overall, however, we 354 

interpreted the data in Figure 3D as pre-treatment of HFF cells with 355 

IFN possibly led to both inhibition of HCMV entry into the cell and inhibition of 356 

HCMV protein expression in the infected cell.  357 

 358 

Inhibition of HCMV replication was associated with the presence of PML-359 

SUMO proteins 360 

 361 

We reasoned that inhibition of HCMV replication was caused by anti-viral 362 

proteins expressed in the presence of IFN A range of anti-viral proteins 363 

expressed in response to type I interferon proteins have anti-HCMV activity (18). 364 

To our knowledge, none of these proteins are known to inhibit HCMV entry into 365 
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the cell. Therefore, we focused on examining anti-viral proteins expressed in the 366 

presence of IFN that could inhibit IE protein production.  367 

 The first anti-viral barrier to replication that the HCMV genome likely 368 

encounters in the nucleus are PML bodies. Proteins in PML bodies, including 369 

PML, come into contact with incoming HCMV genomes and form structures that 370 

can contribute to inhibition of HCMV transcription (30), including transcriptional 371 

inhibition of the alternatively spliced HCMV mRNA that encodes IE1 and IE2.  372 

Key to the anti-HCMV function of PML is the post-translational addition of SUMO 373 

proteins to PML (PML-SUMO) (31). Antagonism of PML SUMOylation by HCMV 374 

IE1 antagonizes the anti-viral effects of PML bodies (31).  It has been 375 

demonstrated that transcription of mRNA encoding PML and other anti-viral 376 

proteins in PML bodies is stimulated by the presence of IFN during HCMV 377 

infection (32). 378 

 As in Figure 3, pre-treatment of HFF cells with IFN led to loss of IE1 and 379 

IE2 expression. Expression of PML isoforms can vary between different cell 380 

lines, as can the molecular weights of those isoforms (31, 33, 34). Here we 381 

observed expression of PML forms in our HFF cell line similar to those previously 382 

reported for another HFF cell line (34). In the absence of virus or IFN a version 383 

of PML (isoform I (PML-I)) was detectable at approximately 120kDa, as could at 384 

least one high molecular weight SUMOylated form of PML-I, but smaller 385 

molecular weight isoforms of PML could not be detected (Fig. 4). In the presence 386 

of virus without IFN treatment, PML-I expression increased, but expression of 387 

SUMOylated PML-I proteins increased less so (Fig. 4), consistent with 388 
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antagonism of PML SUMOylation by IE1 (31). However, upon treatment with 389 

IFN high molecular weight forms of SUMOylated PML-I could be observed in 390 

HCMV infected cells (Fig. 4). Therefore, a combination of both IFN treatment 391 

and HCMV replication led to an anti-viral state associated with the presence of 392 

PML-SUMO proteins in both AD169 and Merlin(R1111) in infected HFF cells. As 393 

PML-SUMO was present in uninfected HFF cells treated with IFN it is possible 394 

that expression of IE1 from incoming HCMV genomes was not sufficient to 395 

overcome the block to HCMV replication by PML-SUMO proteins already present 396 

in the cell. Therefore, the presence of PML-SUMO in infected HFF cells treated 397 

with IFN was associated with poor immediate-early protein expression.  398 

 399 

Inhibition of HCMV replication in the presence of IFN by ZAP was strain-400 

dependent  401 

 402 

 Anti-viral proteins other than PML expressed in the presence of IFN 403 

(IDO1, RIPK2) can inhibit HCMV replication (35, 36) and may have been 404 

involved in inhibition of HCMV replication that we observed here. Additionally, we 405 

and others have recently observed that ZAP proteins can inhibit HCMV 406 

replication, including  the ZAP isoform whose expression is stimulated by IFN, 407 

ZAP-S (16, 18, 19). Additionally, we found that inhibition of HCMV replication by 408 

ZAP was strain-dependent, as AD169 replication was restricted by ZAP but 409 

Merlin(R1111) replication was not (16). These phenotypes were associated with 410 

downregulation of ZAP-S in Merlin(R1111) infected cells, but not AD169 infected 411 
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cells (16). As we did not see strain-dependent differences in resistance to 412 

IFN  in IFN pre-treated cells, we investigated ZAP expression in cells pre-413 

treated with IFN.  414 

 We analyzed ZAP isoform expression in the presence and absence of 415 

IFN. Pre-treatment of HFF cells with IFN resulted in expression of ZAP-S in 416 

uninfected cells (Fig. 5A). Upon infection, pre-treatment of HFF cells with IFN 417 

resulted in greater expression of both ZAP-L and ZAP-S in both AD169 and 418 

Merlin(R1111) infected HFF cells (Fig. 5). However, consistent with our previous 419 

observations (16), we observed an obvious decrease in ZAP-S expression over 420 

time in Merlin(R1111), but not AD169, infected HFF cells in the presence and 421 

absence of IFN (Fig. 5). However, similar to expression of MxA (Fig. 2), we 422 

found that expression of both ZAP isoforms was greater in the presence of IFN, 423 

suggesting that although ZAP-S expression obviously decreased in 424 

Merlin(R1111) infected cells, there was sufficient ZAP-S to inhibit Merlin(R1111) 425 

replication in HFF cells pre-treated IFN  426 

We then assayed HCMV replication in the presence and absence of ZAP 427 

isoforms. Using bulk populations of HFF cells containing CRISPR that inhibited 428 

the expression of both ZAP isoforms (ZAP-L and ZAP-S) (16), we confirmed that 429 

the loss of ZAP expression did not compromise the ability of IFN to set an anti-430 

viral state (37), as similar MxA expression was seen in the presence and 431 

absence of ZAP proteins in IFN treated cells (Fig. 6A). Additionally, this data 432 

confirmed the loss of ZAP isoform expression in HFF cells.  433 
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 Upon examination HFF cells infected with AD169 or Merlin(R1111) that 434 

did or did not express ZAP isoforms, we found that pre-treatment of HFF cells 435 

with IFN before infection resulted in a decrease in HCMV replication in all 436 

conditions tested (Figs. 6B(i) and 6B(ii)). However, in agreement with our 437 

previous observations (16), we found that in the presence and absence of IFN  438 

loss of ZAP proteins could increase AD169, but not Merlin(R1111), replication 439 

(Figs. 6b(ii) and (iii)). As in our previous work, we interpret this strain-dependent 440 

inhibition of HCMV replication as the ability of Merlin(R1111), but not AD169, to 441 

control ZAP expression, in particular ZAP-S (16). Thus, although ZAP isoform 442 

expression was greater in the presence of IFN (Fig. 5A), the decrease in ZAP-S 443 

expression observed (Fig. 5A) may have been sufficient to prevent inhibition of 444 

Merlin(R1111) replication by ZAP.  445 

In summary, IFN could inhibit replication of both AD169 and 446 

Merlin(R1111), but in the presence of IFN ZAP was an inhibitor of AD169, but 447 

not Merlin(R1111). Therefore, there may be strain-dependent combinations of 448 

anti-viral proteins inhibiting replication of either AD169 or Merlin(R1111). The 449 

combinations of proteins inhibiting either AD169 or Merlin(R1111) replication can 450 

include known anti-HCMV proteins expressed in the presence of type I interferon 451 

proteins, such as ZAP, PML-SUMO, RIPK2 and IDO (16, 18, 19, 31, 35, 36).  452 

 453 

IFN had prolonged repressive effects on HCMV replication  454 

 455 
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 It has previously been reported that inhibition of HCMV replication in 456 

human fibroblast cultures derived from foreskin biopsies by IFN was reversible 457 

(4), similar to observations made upon infection of  several murine cell types with 458 

MCMV, including fibroblastic murine cells (24-26). Reversible inhibition of HCMV 459 

replication would not be advantageous to any therapeutic strategy. Therefore, we 460 

investigated if the action of IFN on HCMV replication was reversible, as 461 

previously reported (4).  462 

 As above (Fig. 1), pre-treatment of HFF cells with IFN with continuous 463 

treatment of infected HFF cells with IFN led to robust inhibition of AD169 and 464 

Merlin(R1111) replication, which was associated with loss of IE1 and IE2 465 

expression (Figs. 7A(i), 7A(ii) and 7B). However, near identical results were 466 

found when infected HFF cells were pre-treated with IFN, but IFN was not 467 

maintained in the cell culture from the time of infection (Figs. 7A(i), 7A(iii) and 468 

7B). Therefore, the anti-viral state set by pre-treatment of HFF cells with IFN 469 

could not be overcome by either HCMV strain when IFN was absent after 470 

infection, demonstrating that in these experimental conditions IFN had 471 

prolonged repressive effects on HCMV replication. We attempted to maintain 472 

HCMV infected HFF cells infected with high and low MOIs and treated with IFN 473 

in culture past 7-10 days. However, this resulted in destruction of cell monolayers 474 

and no infectious HCMV virus could be detected (data not shown). This 475 

suggested that in our hands inhibition of HCMV replication by IFN may have 476 

been irreversible. Consistent with our analysis in the previous sections, these 477 
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prolonged or irreversible effects could have been caused by a combination of 478 

anti-viral factors acting on HCMV.  479 

  480 
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DISCUSSION 481 

 482 

When IFN was added to HFF cells at the time of infection replication of 483 

the high passage laboratory strain AD169 was modestly inhibited, whereas 484 

replication of the low passage HCMV strain Merlin was not. This was consistent 485 

with our previous observations that compared to Merlin, AD169 did not effectively 486 

control the anti-viral state cause by type I interferons at the time of infection (16, 487 

38), likely due to downregulation of type I interferon signaling proteins in Merlin 488 

infected cells (38). However, when cells were exposed to IFN before infection, 489 

replication of both HCMV strains was robustly inhibited. Therefore, there were 490 

strain-dependent differences in the ability of HCMV to evade the type I interferon 491 

response, but this was dependent upon when HCMV encountered the 492 

intracellular anti-viral state stimulated by IFN This emphasized that if IFN is to 493 

be used in a therapeutic setting it would be advantageous to ensure that it is 494 

administered early in infection so that HCMV encounters the intracellular anti-495 

viral state when the virus enters the cell. Additionally, our data suggests that high 496 

concentrations of IFN may be required to efficiently inhibit HCMV replication. 497 

Both of these points would make therapeutic use of IFN challenging and may 498 

help explain contradictory findings about the inhibitory effects of outlined in the 499 

Introduction (6, 7). However, the apparent prolonged effects of IFN on HCMV 500 

replication may indicate that continual treatment with IFN is not required.  501 

 In this study we examined the ability of IFN to inhibit replication of HCMV 502 

strains that infect cells as cell-free virus. It has been previously demonstrated 503 
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that replication of cell-associated HCMV Merlin was not obviously inhibited in 504 

cells pre-treated with type I interferons (11). Thus, treatment of HCMV patients 505 

using exogenous IFN may inhibit replication of cell-free virus during HCMV 506 

transmission and have less effect on virus dissemination in vivo.  507 

In contrast to the robust inhibition of HCMV replication by IFN, we found 508 

a modest, but not statistically significant, inhibition of HCMV replication by IFN. 509 

This was likely due to the inability of IFN to set a robust anti-viral state within 510 

cells. This may have been due to weak interactions between IFN and its 511 

cognate cell surface receptor (39) or differences in expression of type I and type 512 

III receptors on the cell line used here. To our knowledge, there are no reports 513 

testing the ability of IFN proteins other than IFN (IFN IFN and IFN) to 514 

inhibit HCMV replication. Our data suggests that further examination of 515 

interaction between HCMV and IFN may be of interest in attempts to inhibit 516 

HCMV replication. These experiments will likely require development of novel 517 

infectious models of HCMV replication involving cell lines that are highly 518 

susceptible to activation of an anti-viral state via IFN proteins, such as 519 

hepatocyte or intestinal cells (39). Such models do not appear to be available at 520 

present. For example, IFN has been shown to inhibit IE protein expression in a 521 

transformed intestinal cell line (23), but transformed cells such as those do not 522 

support HCMV replication.  523 

The intrinsic ability of PML bodies to inhibit transcription from the HCMV 524 

genome, and their antagonism by the HCMV protein IE1, has been widely 525 

studied (40, 41). The anti-viral role of PML bodies in response to type I interferon 526 
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proteins has been previously investigated, showing that an increase in mRNA 527 

encoding the HCMV inhibitory proteins, including PML, in response to 528 

IFN produced from cells upon HCMV infection (32). Here, we expand on those 529 

observations (32) by analyzing protein expression, showing that while PML 530 

protein is expressed in response to IFN, expression of both PML and PML-531 

SUMO is greatest in HCMV infected cells treated with IFN. This overexpression 532 

of PML and PML-SUMO that HCMV encounters when it entered the cell and 533 

attempted to replicate was most likely a major cause of inhibition of immediate-534 

early protein expression and, therefore, HCMV replication.  535 

However, other factors were likely to be involved in inhibition of HCMV 536 

replication in cells treated with IFN For example, screens of proteins produced 537 

in response to type I interferon signaling indicate that anti-viral factors such as 538 

RIPK2 and IDO are likely to inhibit HCMV replication in the conditions we use 539 

here (18, 35, 36). We also investigated the role of ZAP in inhibition of HCMV 540 

replication (16, 18, 19). Consistent with our previous observations (16), we found 541 

differences in the ability of AD169 and Merlin(R1111) to evade ZAP function. 542 

However, we conclude that the ability of IFN to inhibit replication of HCMV was 543 

likely due to a combination of anti-viral proteins expressed in response to IFN, 544 

including ZAP and SUMO-PML, and there may be strain-dependent differences 545 

in anti-viral factors required to inhibit replication of different HCMV strains.  546 

 Contrary to a previous report (4), we found that IFN caused prolonged, or 547 

perhaps irreversible, inhibition of HCMV replication under the conditions we used 548 

here. In the aforementioned study (4), HCMV replication was undetectable for up 549 
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to 16 days in the presence of IFN and then could be detected when IFN was 550 

withdrawn from the culture of fibroblasts derived from foreskin biopsies at 16 551 

days post infection. It is possible that the differences in our studies are the result 552 

of differences in experimental procedure.  We speculate that the HFF cell line 553 

used in our studies and the primary cell cultures taken from foreskin biopsies 554 

used previously (4) may be able to support HCMV replication in different ways. 555 

We further speculate that primary cell cultures from foreskin biopsies used 556 

previously (4) may have contained as yet unrecognized fibroblastic or monocytic 557 

cells capable of supporting IFN-dependent HCMV latency and reactivation. 558 

However, while different conditions for this experiment could be explored, we 559 

demonstrate conditions under which inhibition of HCMV replication is irreversible, 560 

which will be useful for considering future therapeutic strategies involving IFN  561 

Additionally, our data contrasts with that seen during MCMV infection and 562 

suggests that reversible inhibition of virus replication by type I interferons may 563 

not be a feature conserved across betaherpesvirus replication. In further 564 

contrast, previous reports link the presence of IFN to the establishment of 565 

MCMV latency and the withdrawal of IFN from MCMV infected murine cell 566 

cultures was required for reactivation of MCMV from latency (24-26). Whereas 567 

proteins expressed in response to type I interferon proteins are down regulated 568 

during HCMV latency in human monocytes (42), indicating that the type I 569 

interferon response is detrimental to the establishment of HCMV latency and/or 570 

HCMV reactivation from latency. Thus, the two betaherpesvirues have different 571 

relationships with the type I interferon response during virus latency. That said, 572 
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our observations made in this study and aforementioned work on HCMV latency 573 

(42) suggest that treatment with IFN will have inhibitory effects on both 574 

productive HCMV replication and HCMV latency/reactivation.  575 

Any future strategy targeting HCMV replication or HCMV 576 

latency/reactivation may benefit from utilizing newly developed IFN mutants that 577 

can stimulate an antiviral response without potently stimulating 578 

immunomodulatory or antiproliferative effects that may be harmful in vivo (43-46).  579 

 580 

  581 
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FIGURE LEGENDS 785 

 786 

Figure 1 HCMV replication in HFF cells treated with IFN or Ruxolitinib. (A) 787 

(i) and (iv) Diagram of experiments: HFF cells were treated with IFN at the time 788 

of infection (or left untreated) or pre-treated for 24 hours with IFN (or left 789 

untreated) and then infected in the presence and absence of IFN. Treatment of 790 

cells continued throughout infection with either AD169 or Merlin(R1111) for 96 791 

hours. (ii) and (v) Titre in plaque forming units/ml (p.f.u./ml) of each experiment. 792 

(iii) and (iv) Fold decrease in HCMV titre in the presence of IFN compared to 793 

HCMV titre from infected untreated cells. (B) (i) Diagram of experiments: HFF 794 

cells were treated with Ruxolitinib (Ruxo) or the equivalent volume of DMSO at 795 

the time of infection or pre-treated with Ruxo or the equivalent volume of DMSO 796 

then infected in the presence of either Ruxo or DMSO. Treatment of cells 797 

continued throughout infection with either AD169 or Merlin(R1111). (ii) Titre in 798 

plaque forming units/ml (p.f.u./ml) of each experiment. (iii) Fold increase in 799 

HCMV titre in the presence of Ruxo compared to HCMV titre from infected cells 800 

treated with DMSO. In each figure data is representative of three independent 801 

experiments (black data points) and presented as average (block) and standard 802 

deviation (error bars) of the data. Statistical relevance was examined used a 803 

student t test. ns = not significant (ns), p=<0.05 (*,**). 804 

 805 

Figure 2 MxA expression in the presence and absence of IFN. HFF cells 806 

were pre-treated for 24 hours with IFN (or left untreated) and then infected in 807 
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the presence and absence of IFN. Treatment of cells continued throughout 808 

infection with either AD169 or Merlin(R1111). HFF cell lysates were prepared for 809 

western blotting at the time points indicated in the figure (hours post infection 810 

(h.p.i.)). Uninfected HFF cell lysates were treated or untreated IFN were also 811 

prepared for western blotting at the time of infection (0 h.p.i.). (A) Western 812 

blotting. Proteins recognized by the antibodies used in the experiment are 813 

indicated to the right of the figure. The positions of molecular weight markers 814 

(kDa) are indicated to the left of the figure. (B) Quantification of western blotting. 815 

Relative band intensity (band intensity of MxA relative to β-actin signal in the 816 

same lane, arbitrary units (A.U.)) was analyzed using ImageJ using data from 817 

two independent experiments. The mean of each data point from those 818 

experiments is shown. Hours post infection (h.p.i.).  819 

 820 

 821 

Figure 3 Western blotting and FACS analysis of HCMV infection in the 822 

presence and absence of IFN (A) Schematic of HCMV protein expression 823 

with relevant proteins grouped into kinetic classes. (B) HFF cells were pre-824 

treated for 24 hours with IFN (or left untreated) and then infected in the 825 

presence and absence of IFN. Treatment of cells continued throughout infection 826 

with either AD169 or Merlin(R1111). Cell lysates were prepared for western 827 

blotting at 96 hours post infection (h.p.i.). Uninfected cell lysates were treated or 828 

untreated IFN  were also prepared for western blotting at the time of infection (0 829 

h.p.i.). Proteins recognized by the antibodies used in the experiment are 830 
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indicated to the right of the figure and the positions of molecular weight markers 831 

(kDa) are indicated to the left of the figure. (C and D) HFF cells were pre-treated 832 

for 24 hours with IFN (or left untreated) and then infected in the presence and 833 

absence of IFN. Treatment of cells continued throughout infection with AD169 834 

or Merlin viruses expressing GFP. At 24 hours post infection cells were analyzed 835 

using flow cytometry. (C) Flow cytometry data from a representative experiment. 836 

(D) (i) number of cells expressing GFP (ii) mean fluorescent intensity of GFP 837 

expressing cells. Data is representative of three independent experiments (black 838 

data points) and presented as average (block) and standard deviation (error 839 

bars) of the data. 840 

 841 

Figure 4 Western blotting of HCMV and PML proteins expressed in the 842 

presence and absence of IFN HFF cells were pre-treated for 24 hours with 843 

IFN (or left untreated) and then infected in the presence and absence of IFN. 844 

Treatment of cells continued throughout infection with either AD169 or 845 

Merlin(R1111). Cell lysates were prepared for western blotting at the time points 846 

indicated in the figure (hours post infection (h.p.i.)). Uninfected cell lysates were 847 

treated or untreated IFN  were also prepared for western blotting at the time of 848 

infection (0 h.p.i.). Proteins recognized by the antibodies used in the experiment 849 

are indicated to the right of the figure and the positions of molecular weight 850 

markers (kDa) are indicated to the left of the figure. 851 

 852 
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Figure 5 ZAP isoform expression in the presence and absence of IFN. HFF 853 

cells were pre-treated for 24 hours with IFN (or left untreated) and then infected 854 

in the presence and absence of IFN. Treatment of cells continued throughout 855 

infection with either AD169 or Merlin(R1111). HFF cell lysates were prepared for 856 

western blotting at the time points indicated in the figure (hours post infection 857 

(h.p.i.)). Uninfected HFF cell lysates were treated or untreated IFN were also 858 

prepared for western blotting at the time of infection (0 h.p.i.). (A) Western 859 

blotting. Proteins recognized by the antibodies used in the experiment are 860 

indicated to the right of the figure (large and small ZAP isoforms, ZAP-L and 861 

ZAP-S, respectively). The positions of molecular weight markers (kDa) are 862 

indicated to the left of the figure. (B) Quantification of western blotting. Relative 863 

band intensity (band intensity of each ZAP isoform relative to β-actin signal in the 864 

same lane, arbitrary units (A.U.)) was analyzed using ImageJ using data from 865 

two independent experiments. Hours post infection (h.p.i.). The mean of each 866 

data point from those experiments is shown. 867 

 868 

Figure 6 HCMV replication in CRISPR containing cells in the presence and 869 

absence of IFN. (A) Uninfected HFF CRISPR-Luc (Luciferase) or CRISPR-ZAP 870 

HFF cells were treated with IFN or left untreated Cell lysates were prepared for 871 

western blotting 24 hours post treatment. Proteins recognized by the antibodies 872 

used in the experiment are indicated to the right of the figure. The positions of 873 

molecular weight markers (kDa) are indicated to the left of the figure. (B) (i) HFF 874 

CRISPR-Luc or CRISPR-ZAP cells were pre-treated for 24 hours with IFN (or 875 
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left untreated) and then infected in the presence and absence of IFN. Treatment 876 

of cells continued throughout infection with either AD169 or Merlin(R1111) for 96 877 

hours. Titre in plaque forming units/ml (p.f.u./ml) of each experiment was 878 

calculated. Data is representative of three independent experiments (black data 879 

points) and presented as average (block) and standard deviation (error bars) of 880 

the data. Statistical relevance was examined used a student t test. ns = not 881 

significant (ns), p=<0.05 (*,**). (ii) Fold decrease in HCMV titre in the presence of 882 

IFN compared to HCMV titre from infected untreated cells. (iii) Fold increase in 883 

HCMV titre in CRISPR-ZAP cells compared to CRISPR-Luc cells.  884 

 885 

Figure 7 HCMV replication in HFF cells in the continuous and 886 

discontinuous presence of IFN. (A) (i) HFF cells were pre-treated for 24 887 

hours with either IFN or left untreated and then infected in the presence and 888 

absence of IFN. Treatment of cells with IFN continued throughout infection 889 

with either AD169 or Merlin(R1111) (+IFN) or was discontinued at the time of 890 

infection (+/-IFN). Titre in plaque forming units/ml (p.f.u./ml) of each experiment 891 

at 96 hours post infection was calculated. Data is representative of three 892 

independent experiments (black data points) and presented as average (block) 893 

and standard deviation (error bars) of the data. Statistical relevance was 894 

examined used a student t test. ns = not significant (ns), p=<0.05 (*,**). (ii) Fold 895 

decrease in HCMV titre in the continuous presence of IFN (+IFN) compared to 896 

HCMV titre from infected untreated cells. (iii) Fold decrease in HCMV titre in the 897 

discontinuous presence of IFN (+/-IFN) compared to HCMV titre from infected 898 
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untreated cells. (B) HFF cells were treated as in figure A and cell lysates were 899 

prepared for western blotting at the time points indicated in the figure. Proteins 900 

recognized by the antibodies used in the experiment are indicated to the right of 901 

the figure. The positions of molecular weight markers (kDa) are indicated to the 902 

left of the figure. 903 

 904 

Figure S1 Inhibition of HCMV strains in the presence of interferons (A) HFF 905 

cells were pre-treated for 24 hours with IFN IFN (or left untreated) and then 906 

infected in the presence and absence of interferons. (A) Treatment of cells with 907 

1000 U/ml IFN continued throughout infection with either AD169 or 908 

Merlin(R1111). Titre in plaque forming units/ml (p.f.u./ml) was determined from 909 

virus supernatants collected at the time points indicated in the figure. (B and C). 910 

Treatment of cells with interferons continued throughout infection with either 911 

AD169 or Merlin(R1111) for 96 hours. Concentrations of interferons used are 912 

indicated in each figure. Titre in plaque forming units/ml (p.f.u./ml) was 913 

determined from virus supernatants collected at the 96 hours post infection. (C) 914 

HFF cell lysates were prepared for western blotting at the time points indicated in 915 

the figure (hours post infection (h.p.i.)). Uninfected HFF cell lysates were treated 916 

or untreated IFN were also prepared for western blotting at the time of infection 917 

(0 h.p.i.). Proteins recognized by the antibodies used in the experiment are 918 

indicated to the right of the figure. The positions of molecular weight markers 919 

(kDa) are indicated to the left of the figure. AD169 (A), Merlin(R1111) (M).  920 

 921 
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 922 

Figure S2 Assessment of cell number and cytotoxicity in the presence and 923 

absence of IFN (A and B) Uninfected HFF cells plated at (i) high or (ii) low 924 

numbers were treated with IFN or left untreated for 96 hours. Cell number or 925 

cell health in each condition was then investigated using cell counting or MTT 926 

assays. The percentage of data from IFN treated cells compared to untreated 927 

cells was calculated. In each figure data is representative of three independent 928 

experiments (black data points) and presented as average (block) and standard 929 

deviation (error bars) of the data. (C) Uninfected HFF cells plated at high or low 930 

numbers were treated with IFN or left untreated for 96 hours. At 96 hours post 931 

infection. time samples were prepared for western blotting. Proteins recognized 932 

by the antibodies used in the experiment are indicated to the right of the figure. 933 

The positions of molecular weight markers (kDa) are indicated to the left of the 934 

figure. 935 

 936 

Figure S3 HCMV replication in HFF cells treated with IFN or IFN. (A) (i) 937 

HFF cells were pre-treated for 24 hours with either IFN IFN or left untreated 938 

and then infected in the presence and absence of IFN or IFN. Treatment of 939 

cells with interferon proteins continued throughout infection with either AD169 or 940 

Merlin(R1111) for 96 hours. Titre in plaque forming units/ml (p.f.u./ml) of each 941 

experiment was calculated. Data is representative of three independent 942 

experiments (black data points) and presented as average (block) and standard 943 

deviation (error bars) of the data. Statistical relevance was examined used a 944 
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student t test. ns = not significant (ns), p=<0.05 (*,**). (ii) and (iii) Fold decrease 945 

in HCMV titre in the presence of IFN or IFN respectively, compared to HCMV 946 

titre from infected untreated cells. (B) Western blotting of uninfected HFF cells 947 

prepared at 24 hours post treatment with either IFN or IFN. Proteins 948 

recognized by the antibodies used in the experiment are indicated to the right of 949 

the figure. The positions of molecular weight markers (kDa) are indicated to the 950 

left of the figure. 951 

 952 

 953 
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Figure S1 Inhibition of HCMV strains in the presence of interferons (A) HFF 

cells were pre-treated for 24 hours with IFN IFN (or left untreated) and then 

infected in the presence and absence of interferons. (A) Treatment of cells with 

1000 U/ml IFN continued throughout infection with either AD169 or 

Merlin(R1111). Titre in plaque forming units/ml (p.f.u./ml) was determined from 

virus supernatants collected at the time points indicated in the figure. (B and C). 

Treatment of cells with interferons continued throughout infection with either 

AD169 or Merlin(R1111) for 96 hours. Concentrations of interferons used are 

indicated in each figure. Titre in plaque forming units/ml (p.f.u./ml) was 

determined from virus supernatants collected at the 96 hours post infection. (C) 

HFF cell lysates were prepared for western blotting at the time points indicated in 

the figure (hours post infection (h.p.i.)). Uninfected HFF cell lysates were treated 

or untreated IFN were also prepared for western blotting at the time of infection 

(0 h.p.i.). Proteins recognized by the antibodies used in the experiment are 

indicated to the right of the figure. The positions of molecular weight markers 

(kDa) are indicated to the left of the figure. AD169 (A), Merlin(R1111) (M).  
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Figure S2 Assessment of cell number and cytotoxicity in the presence and 

absence of IFN (A and B) Uninfected HFF cells plated at (i) high or (ii) low 

numbers were treated with IFN or left untreated for 96 hours. Cell number or 

cell health in each condition was then investigated using cell counting or MTT 

assays. The percentage of data from IFN treated cells compared to untreated 

cells was calculated. In each figure data is representative of three independent 

experiments (black data points) and presented as average (block) and standard 

deviation (error bars) of the data. (C) Uninfected HFF cells plated at high or low 

numbers were treated with IFN or left untreated for 96 hours. At 96 hours post 

infection. time samples were prepared for western blotting. Proteins recognized 

by the antibodies used in the experiment are indicated to the right of the figure. 

The positions of molecular weight markers (kDa) are indicated to the left of the 

figure. 
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Figure S3 HCMV replication in HFF cells treated with IFN or IFN. (A) (i) 

HFF cells were pre-treated for 24 hours with either IFN IFN or left untreated 

and then infected in the presence and absence of IFN or IFN. Treatment of 

cells with interferon proteins continued throughout infection with either AD169 or 

Merlin(R1111) for 96 hours. Titre in plaque forming units/ml (p.f.u./ml) of each 

experiment was calculated. Data is representative of three independent 

experiments (black data points) and presented as average (block) and standard 

deviation (error bars) of the data. Statistical relevance was examined used a 

student t test. ns = not significant (ns), p=<0.05 (*,**). (ii) and (iii) Fold decrease 

in HCMV titre in the presence of IFN or IFN respectively, compared to HCMV 

titre from infected untreated cells. (B) Western blotting of uninfected HFF cells 

prepared at 24 hours post treatment with either IFN or IFN. Proteins 

recognized by the antibodies used in the experiment are indicated to the right of 

the figure. The positions of molecular weight markers (kDa) are indicated to the 

left of the figure. 
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Figure S3
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