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Abstract

The ability to establish alatent infection with periodic reactivation events ensures herpesviruses, like
human cytomegalovirus (HCMV), lifelong infection and serial passage. The host-pathogen
relationship throughout HCMV latency is complex, though both cellular and viral factors influence
the equilibrium between latent and Iytic infection. We and others have shown one of the viral-
encoded G protein-coupled receptors, US28, is required for HCMYV latency. US28 potentiates signals
both constitutively and in response to ligand binding, and we previously showed deletion of the
ligand binding domain or mutation of the G protein-coupling domain resultsin the failure to maintain
latency similar to deletion of the entire US28 open reading frame (ORF). Interestingly, a recent
publication detailed an altered phenotype from that previously reported, showing US28 is required
for viral reactivation rather than latency, suggesting the US28 ORF deletion impacts transcription of
the surrounding genes. Here, we show an independently generated US28-stop mutant, like the US28
ORF deletion mutant, fails to maintain latency in hematopoietic cells. Further, we found US27 and
US29 transcription in each of these mutants was comparable to their expression during wild type
infection, suggesting neither US28 mutant alters mRNA levels of the surrounding genes. Finaly,
infection with a US28 ORF deletion virus expressed US27 protein comparable to its expression
following wild type infection. In sum, our new data strongly support previous findings from our lab
and others, detailing arequirement for US28 during HCMV latent infection.

1 I ntroduction

Human cytomegalovirus (HCMV) is a ubiquitous pathogen that latently infects the mgority of the
population (Khanna and Diamond, 2006). Latent infection in healthy individuals rarely poses a
significant health risk, however immune dysregulation can lead to reactivation and CMV-associated
disease, which can be fatal (Arvin et al., 2004; Ramanan and Razonable, 2013; Griffiths et al., 2015;
Ljungman et al., 2017). This underscores the need to better understand these phases of viral infection
to prevent disease and improve patient outcomes.
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Our current understanding of the biological mechanisms controlling latency and reactivation
remain incomplete, though work from many labs have detailed the importance of both host and viral
factors in these processes (Collins-McMillen et al., 2018; Elder and Sinclair, 2019). We and others
have shown the viral G protein-coupled receptor (GPCR) US28 is required for viral latency (Humby
and O'Connor, 2015; Wu and Miller, 2016; Krishna et a., 2017; Krishna et al., 2019). US28 is
expressed during both latent and lytic infection (Krishna et al., 2018), and we were the first to detall
its requirement for successful HCMV latent infection (Humby and O'Connor, 2015). Building upon
our original work, we more recently showed US28 regulates the expression and activity of cellular
fos (c-fos) (Krishna et al., 2019), a component of the activator protein-1 (AP-1) transcription factor
complex (Halazonetis et al., 1988). US28’s attenuation of c-fos leads to a decrease in AP-1 binding
to the major immediate early promoter (MIEP) (Krishna et al., 2019), a key regulator in the latent-to-
Iytic switch (Collins-McMillen et al., 2018). Additionally, our data revealed a requirement for G
protein-coupling, and to a lesser extent, ligand binding to US28, suggesting US28-mediated signaling
is important for this phenotype (Krishna et al., 2019). This is consistent with findings from the
Sinclair Lab, who showed US28 is required for latency in monocytes. Their work also detailed
specific signaling pathways US28 impacts to ensure MIEP silencing in these latently-infected cells
(Krishna et al., 2017; Elder et a., 2019). Finaly, Wu and Miller showed infection of THP-1
monocytes with a US28-deletion mutant resulted in robust IEL/2 protein expression, compared to
cultures infected with virus expressing US28 (Wu and Miller, 2016). In sum, these data strongly
support a significant role for US28-mediated signaling in maintaining a latent infection in
hematopoietic cdls.

Recent work from Crawford et al. challenges these previous findings, as they show US28 is
not required for latency, but rather is necessary for reactivation. Using a US28 stop mutant, the
investigators demonstrated latency was maintained, but the infection failed to reactivate following the
addition of stimuli. Surprisingly, they showed infection with mutant virus containing a point
mutation in the ligand binding domain of US28 (Y 16F) failed to maintain latent infection, suggesting
that while US28 protein (pUS28) expression is not required, ligand binding is essential for latent
infection. Crawford et al. suggested a compelling argument that the differences between their work
and others were due to the complete ORF deletion of US28 other groups had performed, positing the
US28 ORF deletion could impact wild type expression of surrounding genes, namely US27 and US29
(Crawford et a., 2019). To date, the impact of the complete US28 ORF on US27 and US29 remains
unknown.

As thisis alegitimate concern, we generated an additional set of viral recombinants using an
additional BAC-derived clinical isolate, FIX (BFXwt-GFP; wt). We constructed a triple flag-tagged
US28 recombinant (BFX-GFPinUS28-3xF; inUS28-3xF), from which we then inserted a stop codon
immediately following the first methionine (BFX-GFPstopUS28; stopUS28). Using these
independently-generated viruses, we now show, consistent with our previous work (Humby and
O'Connor, 2015; Krishna et al., 2019), US28 is dispensable for efficient lytic viral growth in
fibroblasts, however this viral GPCR is essential for latency. Our data herein aligns with previous
work (Humby and O'Connor, 2015; Wu and Miller, 2016; Krishna et al., 2017; Krishna et al., 2019),
as ablation of US28 protein expression in hematopoietic cells that support latency resultsinstead in a
Iytic-like infection. Additionally, we assessed US27 and US29 transcription in both stopUS28- and
TB40/EmCherry-US28A (US28A)-infected fibroblasts, as well as US27 protein (pUS27) in cells
infected with a US28A variant and found deletion of the entire open reading frame (ORF) did not
impact these transcripts or trandation of pUS27 in the absence of US28 expression. Together, our
data confirm the requirement for US28 in maintaining HCMV latency, which isindependent of US27
or US29 mRNA expression.
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84 2 Materialsand Methods

85 21 Cdls& Viruses

86  Primary human foreskin fibroblasts (HFF, passages 9 to 13), MRC-5 embryonic lung fibroblasts
87 (MRC-5, passages 21 to 30; ATCC, cat#CCL-171, RRID: CVCL_0440), or newborn human foreskin
88 fibroblasts (NuFF-1, passages 13 to 25; Global Stem, cat#GSC3002) were maintained in Dulbecco’'s
89 modified Eagle medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 2 mM L-
90 glutamine, 0.1 mM nonessential amino acids, 10 mM HEPES, and 100 U/ml each of penicillin and
91 streptomycin. Kasumi-3 cells (ATCC CRL-2725, RRID: CVCL_0612) were maintained in RPMI
92 1640 medium (ATCC, cat#30-2001), supplemented with 20% FBS, 100 U/ml each of penicillin and
93  streptomycin, and 100 pg/ml gentamicin at a density of 5 x 10° to 1 x 10° cells/ml. Murine stromal
94  cels S1/S1 and M2-10B4 (MG3) were kind gifts from Terry Fox Laboratories, BC Cancer Agency
95 (Vancouver, BC, Canada). S1/S1 cells were maintained in Iscove's modified Dulbecco’s medium
96 (IMDM), supplemented with 10% FBS, 1 mM sodium pyruvate, and 100 U/ml each of penicillin and
97  streptomycin. MG3 cells were maintained in RPM I 1640, supplemented with 10% FBS and 100 U/ml
98  each of penicillin and streptomycin. S1/S1 and MG3 cells were plated in a 1:1 ratio (~1.5 x 10° cells
99  of each cel type) onto collagen-coated (1 mg/ml) 6-well plates in human CD34" long-term culture
100 media (hLTCM), containing MyeloCult H5100 (Stem Cell Technologies, cat#5150) supplemented
101  with 1 uM hydrocortisone, and 100 U/ml each of penicillin and streptomycin. The next day, the cells
102  were irradiated using a fixed source **'Cesium, Shepherd Mark | Irradiator at 20 Gy, after which the
103 cells were washed three times with 1X PBS, then resuspended in fresh hLTCM and returned to
104  culture. Irradiated murine stromal cells were utilized the following day as feeder cells for the primary
105 CD34" hematopoietic progenitor cels (HPCs). Primary CD34" HPCs were isolated from de-
106 identified cord blood samples (Abraham J. & Phyllis Katz Cord Blood Foundation d.b.a. Cleveland
107 Cord Blood Center & Volunteer Donating Communities in Cleveland and Atlanta) by magnetic
108  separation, as described e sewhere (Umashankar and Goodrum, 2014). Isolation and culture methods
109 for the primary CD34" HPCs are detailed below. All cells were maintained at 37°C/5% COs.

110 HCMYV bacterial artificial chromosome (BAC)-derived strain TB40/E (clone 4) (Sinzger et
111  al., 2008) previously engineered to express mCherry to monitor infection, TB40/EmCherry
112 (O'Connor and Shenk, 2011), was used in this study. TB40/EmCherry-US28-3xF, TB40/EmCherry-
113 US28A were previously characterized (Miller et al., 2012). An additional BAC-derived isolate
114  engineered to express eGFP as a marker of infection, BFXwt-GFP (Murphy et al., 2008), was used to
115 generate a recombinant virus expressing a US28 C-terminal triple FLAG epitope tag, BFXwt-GFP-
116  US28-3xF, by bacterial recombineering techniques described in elsewhere (O'Connor and Miller,
117  2014). Briefly, the 3xF epitope and Kan-frt cassette were PCR amplified from pGTE-3xFLAG-Kan-
118  frt (O'Connor and Shenk, 2011) using the 3xF-Kan-frt insertion primers (Supplementary Table 1).
119  Thisproduct was then used to generate BFX-GFP-inUS28-3xF by recombination (e.g. ref. (O'Connor
120 and Shenk, 2011). BFXwt-GFP-inUS28-3xF was then used to generate two independent US28 stop
121  mutants using galK recombineering, as described previously (O'Connor and Miller, 2014). Briefly,
122  the galK gene was amplified by PCR using primers listed in Supplementary Table 1. Recombination-
123  competent SW105 Escherichia coli containing BFX-GFP-inUS28-3xF were transformed with the
124  resulting PCR product. GalK-positive clones were selected and electroporated with the double
125 stranded reversion oligoucleotide (Supplementary Table 1) and mutants were counter-selected
126 against galK. Two independently generated mutants, BFX-GFP-stopUS28-S1 and BFX-GFP-
127  stopuUS28-S2, were validated by Sanger sequencing. The multiple epitope tag viral GPCR mutant
128 was generated using TB40O/EmCherry-US28-3xF as a backbone. Each of the remaining three viral
129 GPCRs were serially epitope tagged with the primers in Supplementary Table 1, and recombinant
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130 clones were sequenced following each reversion. The resulting virus, multi-tag vGPCR
131  (vGPCRmulti), contains the following epitope tags. US28-3xF, US27-3xHA, UL33-c-myc, and
132  UL78-V5. vGPCRmulti was then used to generate vVGPCRmulti-US28A using galK recombineering
133  techniques. The primers used to generate this mutant are previously described (Miller et al., 2012).
134  The sequence for vVGPCRmulti-US28A was verified by Sanger sequencing. All viral stocks were
135 propagated and titered by 50% tissue culture infectious dose (TCIDsy) as described (e.g. ref.
136  (O'Connor and Shenk, 2012).

137 2.2 Vira Growth Analyses

138  Multi-step growth assays were performed using fibroblasts (MRC-5, NuFF-1) by infecting cells at a
139  muiltiplicity of infection (moi) of 0.01 TCIDsg/cell. Infectious supernatants were collected over atime
140  course of infection and stored at -80°C until processing. Infectious virus was then titrated on naive
141  fibroblasts (MRC-5, NuFF-1) and analyzed by TCIDs, assay.

142 2.3 Viral RNA & Protein Assays

143  For viral transcript analyses, primary NuFF-1 fibroblasts were infected at an moi = 0.5 TCIDs/cell.
144  Total RNA was collected 96 hours post-infection (hpi) and RNA was extracted with the High Pure
145 RNA Isolation kit (Roche, cat#11828665001), according to the manufacturer’s instructions. cDNA
146  was generated from 1.0 ug of RNA using TagMan Reverse Transcription (RT) Reagents and random
147  hexamer primers (Roche, cat#N8080234). Equal volumes of cDNA were used for quantitative PCR
148 (gPCR) using gene specific primers, and cellular GAPDH was used as a control (Supplementary
149 Table 1). Transcript abundance was calculated using a standard curve using 10-fold seria dilutions of
150 a BAC-standard that also contains GAPDH sequence. Viral gene abundance was normalized to
151 GAPDH for each sample. Each primer set had a similar linear range of detection for the BAC-
152  standard (linear between 10° and 10 copies; r? > 0.95 for all experiments). Samples were analyzed in
153 triplicate using a 96-well format CFX Connect (BioRad).

154 For immunofluorescence assays (IFA), primary MRC-5 or NuFF-1 fibroblasts were grown on
155 coverdips and infected (moi = 0.5) as indicated in the text. Cells were harvested and processed as
156  described elsewhere (eg. refs. (O'Connor and Shenk, 2011; O'Connor and Murphy, 2012).
157  Antibodies used include: anti-FLAG M2 (Sigma, cat#F3165, RRID:AB_259529; 1:1,000), anti-HA
158 (Roche, cat#11867423001, RRID:AB_390918; 1:1,000), anti-c-Myc (Sigma, cat#M4439,
159 RRID:AB_439694; 1:500), anti-V5 (Sigma, cat#V8137, RRID:AB_261889; 1;1,000), Alexa 488-
160  conjugated anti-rat (Abcam, cat#ab150157, RRID:AB_2722511; 1:1,000), Alexa 488-conjugated
161 anti-mouse (Fisher, cat#A11001, RRID:AB_2534069; 1:1,000), Alexa 488-conjugated anti-rabbit
162 (Fisher, cat#A11008, RRID:AB_143165; 1:1,000), Alexa 647-conjugated anti-mouse (Abcam,
163 cat#abl150115, RRID:AB_2687948; 1:1,000), 4'-6’-diamidino-2-phenylindole (DAPI). Coverslips
164  were mounted onto slides with Slow-Fade reagent (Invitrogen, cat#S2828) or FluorSave Reagent
165 (Cabiochem, cat#345789), and images were collected using a Zeiss LSM 510 or Leica SP3 confocal
166  microscope.

167 To assess protein expression by immunoblot, ~3.0 x 10° NuFF-1 fibroblasts were infected
168 (moi = 0.5) for 96h. Cdlls were harvested in RIPA buffer, and equal amounts of protein were
169 analyzed using the following antibodies: anti-FLAG M2 (Sigma, cat#F3165, RRID:AB_259529;
170  1:7,500), anti-IE1 (clone 1B12 (Zhu et al., 1995); 1:100), anti-pp65 (clone 8A8 (Bechtel and Shenk,
171  2002); 1:100), anti-HA (Roche, cat#11867423001, RRID:AB_390918; 1:1,000), anti-actin (Sigma,
172  cat#A3854, RRID:AB_262011,; 1:20,000), and  goat-anti-mouse  (cat#115-035-003,
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173 RRID:AB_10015289) or goat-anti-rat (cat#112-035-003, RRID:AB_2338128) horseradish
174  peroxidase (HRP) secondary (Jackson ImmunoResearch Labs; 1:10,000).

175 24 Latency Infection & Extreme Limiting Dilution Assay

176  Kasumi-3 cells (moi = 1.0) were infected as described previoudy (e.g. ref. (Krishna et al., 2019).
177  Beriefly, cells were cultured in serum-low media (XVIVO-15; Lonza, cat#04-418Q) for 48h prior to
178  infection. Kasumi-3 cells were infected at a density of 5.0 x 10° cells/ml by centrifugal enhancement.
179 At 7 days post-infection (dpi), cultures were treated with 20nM 12-O-tetredecanoylphorbol-13-
180 acetate (TPA) or vehicle (DM SO) for an additional 2d. Infectious particle production was assessed by
181 Extreme Limiting Dilution Assay (ELDA) on naive NuFF-1 fibroblasts, as described previously
182  (Umashankar and Goodrum, 2014).

183 Primary CD34" HPC culture and infection conditions are described elsewhere (Umashankar
184  and Goodrum, 2014). Briefly, CD34" HPCs (moi = 2.0) were infected by centrifugal enhancement,
185 followed by overnight incubation. Cells were washed and cultured over irradiated MG3:S1/S1
186 murine stromal cells (plated at 1:1 ratio, see above). At 7 dpi, a portion of each infected cell
187  population was cultured in reactivation media (RPMI 1640, containing 20% FBS, 10 mM HEPES, 1
188 mM sodium pyruvate, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 U/ml each
189  penicillin and streptomycin, with 15 ng/ml each (all from R&D Systems): IL-6, G-CSF, GM-CSF,
190 IL-3) or maintained in hLTCM. Infectious particle production was assessed by ELDA on naive
191 NuFF-1fibroblasts, as detailed €l sewhere (Umashankar and Goodrum, 2014).

192
193 3 Results

194 3.1 stopUS28 virusreplicatesto wild typetitersin fibroblasts

195 To ensure US28's function is due to the absence of only this protein as opposed to potential off-site
196  consequences resulting from deletion of the US28 ORF, we generated a new panel of recombinants
197 using the BAC-derived, clinical isolate, BFXwt-GFP (wt) (Murphy et al., 2008). The first variant,
198 BFX-GFPinUS28-3xF (inUS28-3xF) expresses a pUS28 fusion protein with three, tandem FLAG
199  epitope repesats in the C-terminus of the protein (Fig 1A). Similar to our work in another BAC-
200 derived clinical isolate, TB40/E, in which we made an identical tagged pUS28 recombinant virus
201  (Miller et a., 2012), we observed robust pUS28 expression following lytic infection of fibroblasts by
202 both immunofluorescence assay (IFA; Fig 1B) and immunoblot (Fig 1C). In line with previoudy
203  published data (Slinger et al., 2010; Noriega et al., 2014), pUS28 localizes to a perinuclear region of
204  infected fibroblasts, consistent with the assembly complex (Silva et al., 2003). Next, we generated
205  two independently derived BFX-GFPstopUS28 constructs using the inUS28-3xF backbone (Fig 1A),
206 alowing us to confirm protein ablation by both western blot analysis (Fig 1B) and IFA (Fig 1C).
207  Further, consistent with previously published work (Dunn et al., 2003; Yu et al., 2003; Miller et a.,
208  2012; Humby and O'Connor, 2015), we found pUS28 is not required for efficient viral replication in
209 lytically infected fibroblasts, as the two, independently generated stop mutants grew to wild type
210 titers (Supplementary Fig 1). Together, these data confirm pUS28 expression is ablated in stopUS28-
211  infected fibroblasts, and pUS28 is dispensable for lytic replication in these cells.

212 3.2 stopuS28failsto maintain latency in hematopoietic cells
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213 We and others have shown deletion of the entire US28 ORF from TB40/E (Humby and
214  O'Connor, 2015; Krishna et al., 2019), Titan (Krishna et al., 2017), and FIX (Wu and Miller, 2016)
215 strains of HCMV results in the failure to establish/maintain latent infection of hematopoietic cells,
216  including Kasumi-3 (Humby and O'Connor, 2015; Krishna et al., 2019) and THP-1 cell lines (Wu
217  and Miller, 2016; Krishna et al., 2017; Krishna et a., 2019), as well as primary monocytes (Krishna
218 et al., 2017) and cord blood-derived CD34" HPCs (Krishna et al., 2019). However, recently published
219 findings reported a US28 stop mutant in TB40/E is capable of maintaining latency in primary fetal
220 liver-derived CD34" HPCs, athough this virus failed to reactivate (Crawford et al., 2019). The
221  authors posited that complete ORF deletion possibly impacted efficient expression of surrounding
222  genes, thus potentially contributing to the discrepancies in phenotypes between this and previous
223  studies (Crawford et a., 2019). To determine if our newly generated US28 stop mutant displayed a
224  similar phenotype during latent infection, we infected Kasumi-3 and cord blood-derived CD34" cdlls
225  with wt or stopUS28 for 7d under latent conditions. We then divided each infected culture, treating
226  half with reactivation stimuli for an additional 2d, where we treated Kasumi-3-infected cultures with
227  TPA and cultured primary CD34" HPCs in reactivation media. We then quantified the production of
228 infectious particles by extreme limiting dilution assay (ELDA) on naive fibroblasts. stopUS28-
229 infected cells failed to maintain a latent infection, as Kasumi-3 or CD34" cdlls infected with this
230 mutant produced infectious virus regardless of reactivation stimuli treatment (Fig 2). These data
231  suggest ablating pUS28 by either introduction of a stop codon or deletion of the ORF results in a
232  variant incapable of maintaining latency in hematopoietic cels.

233 3.3 Deletion of the US28 ORF does not impact US27 or US29 transcription or US27 protein
234 expression

235  While we observed no difference in the outcome of a US28 stop mutant versus a US28 ORF deletion
236  mutant, we were concerned this mutation may affect neighboring viral transcripts, such as US27,
237  which is encoded along with US28 as a polycistronic transcript (Balazs et al., 2017). Thus, to ensure
238 U7 and US29 mRNA expression are unaffected by altered pUS28 expression, we assessed each of
239  these transcripts following lytic infection of fibroblasts with BFEXwt-GFP or BFXstopUS28, as well
240  as TB40O/EmCherry or TB40/EmCherry-US28A. We chose to evaluate these transcripts during the
241  lytic life cycle because neither of these genes is expressed during latency (Humby and O'Connor,
242  2015; Cheng et al., 2017; Shnayder et al., 2018). To this end, we lytically infected fibroblasts (moi =
243  0.5), harvested total RNA at 96 hpi, and performed RTQPCR to quantify US27 and US29 transcripts,
244 aswell as US28, UL123, and UL99 as controls. We found ablating puS28 expression did not impact
245  the transcription of US27 or US29 in either US28 recombinant virus (Fig 3). Since U27 and U28
246  originate from a polycistronic RNA, we also assessed US27 protein (pUS27) expression in the
247  context of US28 ORF deletion. To this end, we generated a virus construct in the TB40/EmCherry
248  background that contains a different epitope tag on the C-terminus of each viral-encoded GPCR,
249  termed TB40/EmCherry-vGPCRmulti (vVGPCRmulti). Each VGPCR is tagged as follows: US27-
250 3xHA, US28-3xF, UL33-myc, and UL78-V5 (Supplementary Fig 2A). Using this construct, we then
251 generated a US28 deletion, including the triple FLAG epitope tag, termed vGPCRmulti-US28A
252  (Supplementary Fig 2A), which replicated with wild type kinetics (Supplementary Fig 2B). We then
253  used these newly-generated viral recombinants to lytically infect fibroblasts (moi = 0.5) to determine
254  ther localization and expression by IFA and immunoblot, respectively. vVGPCRmulti-infected
255  fibroblasts express each of the four vVGPCRSs (Supplementary Fig 3), while vGPCRmulti-US28A fails
256  to express pUS28, as expected (Fig 4). Importantly, complete ORF deletion of US28 does not impact
257 pUS27 expression (Fig 4A) or localization (Fig 4B), consistent with our transcriptional data (Fig 3).
258 Together, these data suggest ablation of pUS28 expression does not impact U27 and US29
259  expression.
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260
261 4 Discussion

262  Our findings using newly generated recombinant HCMV congtructs reveal pUS28 expression is
263 required for HCMV latency. Our data confirm previous work, wherein we and other groups
264  demonstrated US28 ORF deletion viruses favor lytic rather than latent infection in hematopoietic
265 cells. We now show the insertion of a stop codon after the first methionine in the US28 ORF in the
266 BFXwt-GFP background ablates protein expression, which, smilar to the US28 ORF deletion virus
267  we previously generated in the TB40/E background, results in a lytic-like infection of both Kasumi-3
268 and cord blood-derived CD34" cells. Our data also suggest US27 and US29 gene expression are not
269 impacted by the lack of pUS28 expression, as the US28 stop and deletion viruses express these
270 neighboring transcripts to wild type levels during lytic infection. Furthermore, we show deleting the
271  US28 ORF does not alter the localization or expression of pUS27. Together, our findings support
272  previously publisned findings detailing the requirement of pUS28 expression for HCMV latency in
273  hematopoietic lineage cells.

274 As mentioned, recent work from Crawford et al. showed the insertion of two tandem stop
275  codons following the first methionine in the US28 ORF resulted in a TB40/E-based mutant capable
276 of maintaining latency, yet incapable of reactivating in response to stimuli. While the US28 stop
277  mutant maintained latent infection, a point mutation (Y 16F) within the US28 ligand binding domain
278 failed to do so, leading the authors to conclude that while pUS28 expression was dispensable, ligand
279  binding to pUS28 was required for viral latency (Crawford et al., 2019). Interestingly, mutating the
280 US28 G protein-coupling domain, or the canonical ‘DRY’ motif, which renders US28 “signaling
281 dead” (Wadhoer et al., 2002; Maussang et al., 2006; Maussang et al., 2009; Miller et al., 2012),
282  phenotypicaly resembled the US28 stop mutant (Crawford et al., 2019). Whether signaling
283  constitutively or in response to ligand binding, a functional G protein-coupling domain is required to
284  potentiate downstream signaling (Haskell et al., 1999; Auger et al., 2002; Schwartz et a., 2006;
285 Rovati et al., 2007). Thus, perhaps in their system, US28 is not behaving as a canonical GPCR. We
286  previously demonstrated a requirement for both US28's G protein-coupling domain, and to a lesser
287  extent the ligand binding domain, in the context of latent infection. This revealed US28-mediated
288 signaling is required for viral latency and is at least partly dependent upon US28’s interaction with
289 ligand(s) (Krishna et al., 2019). Work from the Sinclair Lab also detailed the requirement for US28's
290 G protein-coupling domain in suppressing IE protein expression in THP-1 cells, though the Y 16F
291  ligand binding mutant suppressed |E protein expression to wild type levels (Krishna et a., 2017). Itis
292  important to note we generated a ligand binding mutant, US28AN, in which we deleted amino acids
293 2-16 in the US28 ORF (Krishna et al., 2019), in contrast to the single point mutation, Y16F. We
294  chose to delete these amino acids, as Casarosa et a. previously showed chemokines differentially
295  bind to specific residues within pUS28’s N-terminus (Casarosa et al., 2005). Specific point mutants
296  within this region of pUS28 will undoubtedly prove useful towards identifying the specific ligand(s)
297  with which pUS28 interacts to potentiate latency-specific signaling. Nonetheless, this important
298 variance in the mutants could explain some distinctions between the af orementioned work and ours.

299 What other differences might account for the distinct findings mentioned above? HCMV
300 latency and reactivation are not trivial phases of infection to study in tissue culture. There are various
301 culture systems, viral backgrounds, and culture conditions (e.g. media and additives) that could
302 impact results. We showed pUS28 is required for latency using both the TB40/E (Humby and
303 O'Connor, 2015; Krishna et al., 2019) and BFXwt backgrounds, using either ORF deletion (Humby
304 and O'Connor, 2015; Krishna et al., 2019) or stop codon insertion (described herein), respectively.
305 Additionally, Krishna et al published pUS28’s requirement for latent monocyte infection using the

7


https://doi.org/10.1101/2020.01.19.911503
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.19.911503; this version posted January 19, 2020. 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-ND 4.0 International license.

306 Titan strain (Krishna et al., 2017). These consistent findings across strains suggest the viral
307  background most likely does not impact pUS28’s requirement for latency. However, conditions used
308 invarious latency models may have an impact. A variety of culture systems for the study of latency
309 are characterized (Collins-McMillen et al., 2018; Poole et a., 2019). We use human hematopoietic-
310 derived cdls for our experiments (Humby and O'Connor, 2015; Krishna et a., 2019), including the
311 CD34" cdl line, Kasumi-3 (O'Connor and Murphy, 2012), THP-1 monocytes (Sinclair et al., 1992),
312 and primary cord blood-derived CD34" hematopoietic cells (Goodrum et al., 2002; Goodrum et al.,
313  2004). Indeed, others have used THP-1 cells (Wu and Miller, 2016; Krishna et al., 2017), as well as
314  primary monocytes (Krishna et al., 2017), to detail pUS28's ahility to repress IE gene and protein
315 expression (Wu and Miller, 2016; Krishna et al., 2017), as well as maintain latency (Krishna et al.,
316 2017). The Crawford et al. study used a dightly different model system: CD34" cells derived from
317 feta liver (Crawford et al., 2019). It is possible, therefore, that while these cells fully support HCMV
318 latency and reactivation, the underlying biological mechanisms the virus uses are distinct from those
319 it employsin cells of hematopoietic origin. It would prove interesting to determine the outcome of
320 infecting the fetal liver-derived CD34" cells with our viral constructs in the future, which may reveal
321 nove differences, while highlighting similarities, with regards to the function of this key protein in
322  different setting.

323 In sum, our work presented herein reveals pUS28 expression is critical to HCMV latency.
324  Further, our data revea the deletion of the US28 ORF from our constructs does not impact the
325 expression of the polycistronic transcript, US27, or that of the downstream US29 gene. While we and
326  others have begun to interrogate the signaling pathways pUS28 potentiates to maintain viral latency,
327  further work aimed at understanding the cellular and viral factors pUS28 manipulates during this
328  phase of infection will provide insight into the HCMV-hogt relationship.
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480 10 Figurelegends

481 Figure 1. US28 protein expression is ablated in stopUS28-infected fibroblasts. (A) BFXwt-GFP
482  (wt) was used to generate inUS28-3xF, which contains an in-frame triple FLAG epitope tag (3xF) at
483 the C-terminal end of the ORF (checked arrow). inUS28-3xF was then used as the template to
484  generate two independent stop mutants, stopUS28-1 and stopUS28-2, that each contains a stop codon
485  following the first methionine (red stop sign). (B,C) Fibroblasts were infected as indicated (moi =
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486 0.5). (B) Cdll lysates were harvested 96 hpi for immunoblot. a-FLAG was used to detect puUS28
487  expression, a-pp65 is a marker of infection, and actin is shown as a loading control. (C) Infected
488  cultures were processed for IFA 72hpi. a-FLAG was used to detect pUS28 expression via the 3xF
489  epitope (red). eGFP (green) is a marker of infection, and nuclel were visualized usng DAPI (blue).

490 Images were acquired using a 60x objective. (B,C) Representative images are shown; n = 3.
491

492  Figure 2. stopUS28 fails to maintain latency in hematopoietic cells. (A) Kasumi-3 cells (moi =
493  1.0) or (B) CD34" HPCs (moi = 2.0) were infected under latent conditions with the indicated viruses.
494 At 7 dpi, infected (A) Kasumi-3 cells were treated with vehicle (DM SO; -TPA, black bars) or TPA
495  (+TPA, gray bars), and (B) CD34" HPCs were cultured in hLTCM (pre-reactivation, black bars) or
496 reactivation media (reactivation, gray bars). The fold-change in the frequency of infectious particle
497  production was quantified by ELDA on naive fibroblasts 14 d later and is graphed relative to WT (A)
498 -TPA or (B) pre-reactivation. Each data point (circles) is the mean of three technical replicates (i.e.
499 one biological replicate). Error bars indicate standard deviation of three biological replicates.
500 Statistical significance was calculated using two-way ANOVA analyses followed by Tukey's post-
501 hocanalyses. * p<0.05, ** p<0.01, *** p <0.001

502

503 Figure 3. Abrogating pUS28 expression does not impact US27 or US29 transcription. NuFF-1
504 fibroblasts were infected (moi = 0.5) with (A) BFXwt-based or (B) TB40/EmCherry-based viruses.
505 Total RNA was harvested 96 hpi and US27, US28, US29, UL123, and UL99 mRNA levels were
506 quantified by RTgPCR. Viral gene expression is plotted relative to cellular GAPDH. Each data point
507 (circles) is the mean of three technical replicates (e.g. one biological replicate). Error bars indicate
508 standard deviation of three biological replicates, and statistical significance was calculated using two-
509 way ANOVA analysesfollowed by Tukey’s post-hoc analyses. * p < 0.05; ns, not significant.

510

511 Figure 4. US28A-infected fibroblasts display wild type pUS27 levels. NuFF-1 fibroblasts were
512 mock-infected (M) or infected with TB40O/EmCherry (WT), TB40/EmCherry-vGPCRmulti, or
513 TB40/EmCherry-vGPCRmulti-US28A (moi = 0.5). At 96 hpi, (A) cell lysates were collected for
514  immunoblot or (B) harvested for IFA. (A,B) a-FLAG was used to detect US28 via the 3xF epitope,

12


https://doi.org/10.1101/2020.01.19.911503
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.19.911503; this version posted January 19, 2020. 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-ND 4.0 International license.

515 «-HA was used to detect US27 viathe 3xHA epitope. (A) IEL is shown as a marker of infection, and
516 cdlular actin serves as aloading control. (B) US27-3xHA (green), US28-3xF (white), mCherry (red)
517 serves as a marker of infection. DAPI (blue) was used to visualize nuclei. Images were acquired

518 using 40x objective. (A,B) Representative images are shown (n = 3).

519
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