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Abstract: Human cytomegalovirus (CMV) is a ubiquitous pathogen that latently resides in hematopoi-
etic cells. Latently infected individuals with dysfunctional immune systems often experience CMV
reactivation, which can cause devastating disease and mortality. While factors dictating the bal-
ance between latency and reactivation are not completely understood, CMV US28 is required for
maintaining latent infection, and viral mutants that alter US28 function result in a lytic-like, rather
than latent, infection in hematopoietic cells. In turn, viral lytic factors alter the host cell, making
it challenging to characterize the US28-specific changes in the cellular milieu. To circumvent this,
we generated a temperature-sensitive TB40/E recombinant virus, TB40/EgfpC510G (tsC510G), into
which we engineered an amino acid change at position 510 (C510G) of IE2, as previously described
in the CMV Towne strain. Using tsC510G, we then deleted the US28 OREF, termed tsC510G-US28A.
Consistent with previous findings, tsC510G-US28A fails to undergo latency in Kasumi-3 cells at the
permissive temperature. However, parallel cultures maintained at the non-permissive temperature
showed a significant reduction in infectious center frequency, as measured by limiting dilution assay.
Thus, we generated a new US28 mutant virus for use as a tool to study US28-specific changes in
latently infected hematopoietic cells in the absence of induced lytic replication.
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1. Introduction

The human betaherpesvirus, cytomegalovirus (CMYV), is a ubiquitous pathogen that,
once acquired, establishes a lifelong latent infection in cells of the hematopoietic compart-
ment. While CMV infection remains asymptomatic in healthy individuals, immunocompro-
mised and immunosuppressed patients often undergo CMYV reactivation, leading to lytic
replication, and the dissemination of the virus often leads to disease. Approved anti-viral
therapies that target the active phase of infection are effective, but can lead to viral resistance
and toxicity (e.g., refs. [1-4]). Thus, there is a significant at-risk patient population who
will suffer from complications of CMV-associated disease following reactivation, which
can result in significant morbidity and mortality.

The host and viral factors that regulate the balance between latency and reactivation
are still not completely understood. CD34" hematopoietic progenitor cells (HPCs) and
circulating monocytes latently harbor CMV, and differentiation to macrophages or dendritic
cells, along with chromatin remodeling, triggers reactivation [5-7]. Many labs dedicated sig-
nificant resources to bolstering our understanding of these phases of infection, and it is clear
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that the latent infection of hematopoietic cells initiates cell signaling pathways, transcrip-
tion factor regulation, and the differential expression of host and viral factors that support
CMV latency [5-8]. Signaling by the viral G protein-coupled receptor (GPCR), US28, is
required to maintain CMV latent infections [9-16], during which it alters host cell signaling
axes that ultimately lead to the silencing of the major immediate early (MIE) locus, which
is responsible for expression of the viral lytic transcripts, UL123 and UL122 [9,11,13,15,17].
US28 is a potent signaling molecule with cell-type-specific properties [17]; thus, our under-
standing of how US28 alters the host cell milieu in the context of the lytic infection of cells
that support lytic infection (e.g., fibroblast, endothelial, epithelial cells) will likely differ
from this protein’s function (s) in hematopoietic cells that support latency.

Studies on US28's role during latency are ongoing, and many groups, including
our own, have generated viral recombinants to study its function [10-13,15,18]. We and
others have used bacterial recombineering to mutate US28 in the context of bacterial
artificial chromosome (BAC)-derived virus strains, generating US28 complete open reading
frame (ORF) deletion mutants, stop mutants, G protein-coupling mutants (R129A), and
ligand-binding mutants (Y16F, AN). Indeed, the use of these mutant viruses revealed
US28’s necessity during viral latency, as any aberration in wild type US28 expression leads
to an infection that favors lytic replication [9-16]. However, there remains a caveat to
further understanding the cellular factors US28 manipulates during the latent infection
of hematopoietic cells, such as CD34* HPCs; the infection of these cells with a US28
mutant virus results in a lytic-like phenotype, in which the host cell is altered by viral lytic
factors. This makes it difficult to characterize cellular alterations specific to the biological
functions of US28 in the background of active lytic transcription. Thus, to understand US28-
dependent changes, it is important to separate what happens in a hematopoietic cell infected
with a virus lacking US28 versus what happens in a cell due simply to lytic infection.

The MIE promoter (MIEP) drives the transcription of UL123, which encodes the
immediate early protein, IE1 (also known as IE72), and UL122, which encodes IE2 (also
known as IE86), an essential protein for viral lytic replication [19]. IE2 transactivates early
and late gene promoters [19-21], thus acting as a gatekeeper to successful lytic infection.
Previous work from Heider et al. demonstrated that mutation of the cysteine to glycine
at position 510 (C510G) in IE2 rendered this protein temperature-sensitive, which in turn
prevented the efficient lytic replication of the lab-adapted Towne strain of CMV at the non-
permissive temperature (39.5 °C) [22]. Therefore, we reasoned that the C510G mutation
might also allow mutant viruses favoring lytic replication in hematopoietic cells, such as
US28 mutant viruses, to instead retain a more “latent-like” phenotype if maintained at the
non-permissive temperature. However, testing this would require generating a similar
recombinant virus in a clinical CMV strain, as lab-adapted strains, including Towne, fail
to infect cells, including epithelial and endothelial cells as well as hematopoietic cells,
in which CMV undergoes latency [23]. Thus, herein, we show that the UL122 C510G
mutation also inefficiently renders the BAC-derived clinical strain, TB40/Egfp replicate in
lytically infected fibroblasts cultured at the non-permissive temperature. We also show
that the temperature-sensitive mutant, TB40/Egfp-C510G (tsC510G), undergoes latency
and reactivation in primary CD34" HPCs at the permissive temperature, while reactivation
at the non-permissive temperature fails to produce infectious centers. Building on this
key resource, we deleted the entire US28 ORF from tsC510G, termed TB40/EgfpC510G-
US28A (tsC510G-US28A), which mimics the parental temperature-sensitive virus in terms
of lytic replication at both permissive and non-permissive temperatures. Importantly, while
tsC510G-US28A fails to undergo latency in Kasumi-3 cells infected under latent conditions
at the permissive temperature, the parallel cultures of these infected cells maintained at
the non-permissive temperature resulted in a significant reduction in the frequency of
infectious centers by the limiting dilution assay. In summary, we report the generation of a
temperature-sensitive, US28A mutant virus in the BAC-derived TB40/E backbone to use
as a tool to study US28-specific changes in hematopoietic cells that support latency in the
absence of induced lytic replication.
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2. Materials and Methods
2.1. Cells

Primary newborn human fibroblasts (NuFF-1; GlobalStem, Rockville, MD, USA) were
cultured in Dulbecco’s modified Eagle medium (DMEM), supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 0.1 mM non-essential amino acids, 10 mM HEPES,
and 100 U/mL each of penicillin and streptomycin. Kasumi-3 cells (ATCC) were cultured
in Roswell Park Memorial Institute (RPMI) 1640 medium (ATCC, catalog no. 30-2001), sup-
plemented with 20% FBS, 100 U/mL each of penicillin and streptomycin, and 100 pg/mL
gentamicin and maintained at a density of 5 x 10°~1 x 10° cells/mL. Primary CD34*
hematopoietic progenitor cells (HPCs) were isolated from de-identified cord blood samples
(Abraham J. & Phyllis Katz Cord Blood Foundation d.b.a. Cleveland Cord Blood Center
& Volunteer Donating Communities in Cleveland and Atlanta) by magnetic separation,
as previously described in detail [24]. M2-10B4 (MG3) and S1/S1 murine stromal cells
were provided as gifts from Terry Fox Laboratories, BC Cancer Agency, Vancouver, BC,
Canada. MGS3 cells were propagated in RPMI 1640, supplemented with 10% FBS and
100 U/mL each of penicillin and streptomycin. S1/51 cells were cultured in Iscove’s modi-
fied Dulbecco’s medium (IMDM), supplemented with 10% FBS, 1 mM sodium pyruvate,
and 100 U/mL each of penicillin and streptomycin. MG3 and S1/51 cells were plated at a
1:1 ratio (~1.5 x 10° cells per cell type) onto collagen-coated (1 mg/mL) 6-well plates in
human long-term culture media (hLTCM; MyeloCult H5100 (Stem Cell Technologies) sup-
plemented with 1 uM hydrocortisone, and 100 U/mL each of penicillin and streptomycin).
The following day, the cells were irradiated using a fixed source '*”Cesium, Shepherd Mark
I Irradiator at 20 Gy, and allowed to recover for 24 h, after which they were used as feeder
cells for the CD34" HPC latency assays described in further detail below.

Kasumi-3 and CD34" cell survival was evaluated at 32.5 °C and 39.5 °C. Kasumi-3
cells were cultured as above, and CD34* primary cells were maintained in hLTCM media,
without the stromal cell feeder layer. At 7 days post-plating, cell viability was evaluated
using trypan blue.

2.2. Viruses

Bacterial artificial chromosome (BAC)-derived TB40/Egfp was used throughout as the
wild type (WT) virus and previously described [25]. Using IscE recombineering protocols,
described in detail elsewhere [25,26], TB40/Egfp was used to generate TB40/Egfp-tsC510G
(tsC510G), and the sequence was verified by Sanger sequencing. BAC DNA of tsC510G
was then isolated, and the BAC DNA was moved from GS1783 to SW105 bacterial cells,
then used as the backbone to generate TB40/Egfp-tsC510G-US28A (tsC510G-US28A) by
galK recombineering, as described previously [27]. All primers used to generate the
recombinants and verify the DNA sequences are listed in Table 1.

Table 1. Oligonucleotides used in this study.

Primer Use Sequence (5’ to 3') Primer Name
Kan-L-Scel insertion  CGCTGCCACCCCCGTGGACCTGTTGGGCGCTCTCAAC IE2 C510G
TE10G mutat CTGGGCCTGCCCCTGATGCAAAAGTCGATTTATTCAACAAAGCCACG ! I-Scel 5/

( mutation) ACCATGACCTGTTTGGGAAACTTTTGCATCAGGGGCAGGCCCAGGTIT IE2 C510G
GAGAGCGCCCAACACGCGTATATCTGGCCCGTACATCG ! 1-Scel 3
sequencine primers  GTGACACATCCACCCGAAGTGGCGCAGCGC C510G US
q &P GTCTTCGGGAGGGGTCTCGGTGGGCTGCTC C510G DS
1K inserti GGTGCGTGGACCAGACGGCGTCCATGCACCGAGGG US28A
& L}gggzl‘m CAGAACTGGTGCTATCCCTGTTGACAATTAATCATCGGCA 2 galK 5/
( ) AGAGGGGCGGACACGGGGTTT Us28A
GTATGAAAAGGCCGAGGTAGCGCTTTTTTATCAGCACTGTCCTGCTCCTT 2 galK 3/
ds olivo CAGACGGCGTCCATGCACCGAGGGCAGAACTGGTIGCTATCTAAAAAA US28A
8 GCGCTACCTCGGCCTTTTCATACAAACCCCGTG ds oligo
. . CCGCACATCTATTTTTGCTAATTGC US28 fwr
Sequencing primers — cCGACGAAACCCACCGTCACGG US28 rev

! Underlined sequences are complementary to the pEPKanS vector. 2 Underlined sequences are complementary
to the galK template, pGalK.
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Viral stocks were essentially generated as described elsewhere (e.g., [25]). Viral stocks
were titered by 50% tissue culture infectious dose assay (TCIDsj) on naive NuFF-1 cells.
The temperature-sensitive mutants tsC510G and tsC510G-US28A were each grown at the
permissive temperature (32.5 °C) to generate the stocks and determine titers.

2.3. Multistep Growth Analyses

To evaluate viral lytic growth, NuFF-1 cells were infected at a multiplicity of 0.01 TCIDsq /cell
for 1 h at the permissive temperature (32.5 °C), rocking the cultures gently every 15 min.
Inocula were then removed, cells were washed three times with phosphate-buffered saline
(PBS), and fresh media were added (DMEM, supplemented with 10% newborn calf serum,
100 U/mL each of penicillin and streptomycin). One set of infections was maintained at
32.5 °C (permissive), while the other was cultured at 39.5 °C (non-permissive). Extracellular
virus was collected at the times indicated in the text over a 16 d time course. Virus from
each infection was then titrated on naive NuFF-1 cells, and titers were quantified by TCIDs
assay, during which all cultures were maintained at the permissive temperature (32.5 °C).

2.4. Infection of Kasumi-3 and CD34" Cells

Kasumi-3 cells were infected as described before [10,11,25]. Briefly, cells were main-
tained in X-VIVO15 (Lonza) for 2 d and then infected at a multiplicity of 1.0 TCIDs5q/cell
by centrifugal enhancement (1000x g, 35 min, room temperature) at 5 x 10° cells/mL in
X-VIVO15. Infected cells were allowed to recover overnight, and the next day, they were
treated with trypsin to remove any virus that had not entered the cell. Cells were next
cushioned onto Ficoll-Paque (GE Healthcare Life Sciences) to remove residual virus and
debris, washed three times with PBS, and replated in X-VIVO15 at 5 x 10° cells/mL.

Isolation of CD34* HPCs is described in detail elsewhere [24], and these cells were
infected at a multiplicity of 2.0 TCIDsg/cell, as previously described [10,11,25,28], in infec-
tion media consisting of IMDM supplemented with 10% BIT9500 serum substitute (Stem
Cell Technologies), 2 mM L-glutamine, 20 ng/mL low-density lipoproteins, and 50 uM
2-mercaptoethanol. The following day, cultures were washed three times in PBS and re-
plated in 0.4 pum-pore transwells (Corning) over irradiated murine stromal cells in hLTCM,
as detailed above.

2.5. Extreme Limiting Dilution Assay

Latency and reactivation were assessed using extreme limiting dilution assay (ELDA),
essentially as previously described [24]. For CD34* HPCs, cells were infected under latent
conditions at the temperatures indicated in the text. At 7 days post-infection (dpi), cells
were then serially diluted two-fold onto naive NuFF-1 fibroblasts in the presence of either
hLTCM to maintain latency or reactivation media (RPMI supplemented with 20% FBS,
10 mM HEPES, 1 mM sodium pyruvate, 2 mM 1 -glutamate, 0.1 mM 0.1 mM non-essential
amino acids, 100 U/mL each of penicillin and streptomycin with 15 ng/mL each of IL-6,
G-CSF, GM-CSF and IL-3, all from R&D Systems). CD34" HPCs were co-cultured with
the naive fibroblasts for 14 d at the temperatures indicated in the text. Infected Kasumi-3
cells were maintained in media favoring latency (X-VIVOL15) for 7 d at the temperatures
indicated in the text. Infected cells were serially diluted two-fold onto naive NuFF-1 cells
as above and cultured for 14 d at the temperatures indicated in the text. For both CD34"
HPCs and Kasumi-3 cells, the frequency of infectious centers was quantified using ELDA
software [28].

3. Results
3.1. tsC510G Displays Impaired Lytic Growth at the Non-Permissive Temperature

To generate the temperature-sensitive mutant in the BAC-derived TB40/Egfp backbone,
we leveraged bacterial recombineering, using the I-Scel method [25,26] to mutate the UL122
gene encoding IE2. To this end, we introduced a single amino acid substitution at position
510 from cysteine to glycine (C510G). Heider et al. previously characterized this mutation
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in the Towne strain of CMV, showing C510G results in a temperature-sensitive IE2, leading
to the failure of this protein to activate early promoters, and thus a progression through
the lytic life cycle at the non-permissive temperature of 39.5 °C [22]. Similar to this study
on the mutant virus, our newly generated temperature-sensitive virus, TB40/EgfpC510G
(tsC510G), lytically replicated in fibroblasts maintained at the permissive temperature of
32.5 °C, although not as efficiently as TB40/Egfp (WT) (Figure 1A). This is also consistent
with findings from Heider et al. [22]. However, in parallel-infected cells cultured at the
non-permissive temperature of 39.5 °C, tsC510G displayed a significant growth defect
(Figure 1B). We also generated an additional virus, in which we deleted the entire US28
OREF from tsC510G, yielding TB40/EgfpC510G-US28A (tsC510G-US28A). At the permissive
temperature, tsC510G-US28A grows to similar titers as its parental virus, C510G, in lytically
infected fibroblasts (Figure 1A). This is also consistent with previous findings showing that
US28 is dispensable for lytic replication (e.g., ref. [29]). Similar to tsC510G, tsC510G-US28A
also fails to effectively replicate at the non-permissive temperature (Figure 1B). Thus, similar
to previous findings [22], our data show that the IE2 C510G mutation results in a virus that
fails to efficiently and lytically replicate at the non-permissive temperature.

LOD

0'+ T T T J 0-4 T T J
Inoc 4 8 12 16 Inoc 4 8 12 16
days post-infection (dpi) days post-infection (dpi)
- WT == {sC510G =+ tsC510G-US28A

Figure 1. tsC510G-US28A replicates to similar titers as tsC510G in lytically infected fibroblasts.
NuFF-1 cells were infected (moi = 0.01 TCIDs/cell) as indicated at the (A) permissive (32.5 °C) or
(B) non-permissive (39.5 °C) temperature. Extracellular virus was collected over a 16 d time course
and titered on naive NuFF-1 cells at the permissive temperature (32.5 °C) by TCIDs. Error bars
indicate standard deviation, and statistical significance was calculated using one-way ANOVA with
Tukey’s multiple comparison test: (A) * p < 0.05 (WT vs. tsC510G; WT vs. tsC510G-US28A); ** p < 0.01
(WT vs. tsC510G; WT vs. tsC510G-US28A); all other comparisons were not significant. (B) * p = 0.0203
(WT vs. tsC510G; WT vs. tsC510G-US28A); ** p = 0.0169 (WT vs. tsC510G; WT vs. tsC510G-US28A);
day 8: p = 0.0869 (for each, WT vs. tsC510G; WT vs. tsC510G-US28A); day 16: p = 0.0765 (WT
vs. tsC510G) and p = 0.0764 (WT vs. tsC510G-US28A). LOD, level of detection. n = 3; representative
experiment is shown, with 3 technical replicates per time point.

3.2. tsC510G-Infected Primary CD34% Hematopoietic Progenitor Cells Reactivate from Latency

We hypothesized that since tsC510G fails to lytically replicate efficiently at 39.5 °C,
reactivation at this non-permissive temperature would also be inefficient following the
latent infection with this mutant. We began by ensuring each cell type we used in our
assays, Kasumi-3 cells (a CD34" cell line, that supports latency and reactivation [25]) and
primary cord blood-derived CD34* HPCs, would survive at both the permissive (32.5 °C)
or non-permissive (39.5 °C) temperatures. To this end, we cultured each cell type at either
32.5°Cor 39.5 °C and observed no significant growth or viability defects in either Kasumi-3
cells or CD34+ HPCs (Figure 2). Next, we tested the ability of tsC510G to undergo latency
and reactivation in primary CD34* HPCs. To this end, we isolated CD34* HPCs from the
combined cord blood from two de-identified donors, allowing us to alleviate concerns
regarding donor variability.
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Figure 2. Kasumi-3 and CD34" cells survive in culture at 32.5 °C and 39.5-°C. Each cell type was
cultured for 7 d at the indicated temperature, and cell viability was assessed using trypan blue
staining. Data are shown as percent survival relative to the original number of cells plated. Error bars
indicate SD; representative data shown (n = 3 biological replicates, each with n = 4 technical replicates).

We then infected these cells with either WT or tsC510G under latent conditions at either
32.5°C or 39.5 °C. At 7 days post-infection (dpi), infected cultures were either maintained
in media favoring latency, or shifted into media favoring reactivation and co-cultured
with naive fibroblasts for an additional 14 d at either 32.5 °C or 39.5 °C. The frequency of
infectious centers was then evaluated by an extreme limiting dilution assay (ELDA), the
gold-standard for assessing and quantifying latent versus lytic/reactivated infections, as it
quantifies the production of infectious progeny following latency [24]. tsC510G-infected
CD34*" HPCs, both cultured and reactivated at the permissive temperature, reactivated
to similar levels as parallel WT-infected cultures. Similarly, WT- and tsC510G-infected
CD34" HPCs, cultured at 39.5 °C for 7 d prior to shifting to 32.5 °C for the ELDA assay,
revealed that these cells were capable of supporting viral reactivation at the permissive
temperature. Importantly, while WT-infected HPCs produced an infectious virus following
culture and reactivation at the non-permissive temperature (39.5 °C), the tsC510G failed to
reactivate (Figure 3). In fact, the levels of infectious centers observed at the non-permissive
temperature even prior to reactivation were lower than either WT or tsC510G at the
permissive temperature (Figure 3), suggesting that maintenance at 39.5 °C reduced the
background, spontaneous reactivation often observed in these assays. These data suggest
that the IE2 C510G mutation (1) does not impact the ability of the virus to maintain latency
or reactivate at the permissive temperature, and (2) impacts successful viral reactivation,
similar to the impact on efficient lytic replication.

3.3. tsC510G-US28 A-Infected Kasumi-3 Cells Have a Significantly Reduced Infectious Center
Frequency When Cultured at the Non-Permissive Temperature

Since hematopoietic cells, such as Kasumi-3 cells and CD34* HPCs, infected with
viruses, in which US28 expression is abrogated or the US28 signaling domains are mutated,
result in lytic rather than latent infection, there is a possibility that the cellular environ-
ment is significantly altered. We reasoned that a complete ORF deletion of US28 in the
temperature-sensitive background may result in an infection with a reduced frequency of
infectious centers at the non-permissive temperature. To determine if the IE2 C510G muta-
tion could suppress the increase in infectious center frequency typically observed during
US28A infection of hematopoietic cells, we infected Kasumi-3 cells with either tsC510G
or tsC510G-US28A under latent conditions at either 32.5 °C or 39.5 °C for 7 d. We then
co-cultured each infected cell population with naive fibroblasts to evaluate the frequency
of infectious centers by ELDA, and we maintained these cultures at the indicated tempera-
tures for an additional 14 d. Consistent with previous findings, tsC510G-US28A-infected
Kasumi-3 cells maintained at 32.5 °C for the entire assay displayed an increase in infec-
tious center frequency compared to tsC510G-infected cells (Figure 4A), suggesting that
tsC510G-US28A-infected cells failed to maintain a latent infection, in accordance with previ-
ous publications [10-12,15,16]. However, tsC510G-US28A-infected Kasumi-3 cells cultured
at 39.5 °C prior to shifting to 32.5 °C for the ELDA displayed a significant reduction in the
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frequency of infectious centers (Figure 4A), suggesting the IE2 C510G mutation suppresses
lytic replication in these cells. Regardless of the initial culture temperature, cells shifted to
39.5 °C for the ELDA yielded no detectable infectious centers, consistent with the data in
Figure 3. While we did observe a statistically significant increase in infectious center fre-
quency in the tsC510G-US28A-infected population compared to tsC510G cultured under the
same conditions (Figure 4A), this is likely due to the fact these co-cultures were maintained
at the permissive temperature for 14 d, thus allowing the tsC510G-US28A virus to replicate.
We anticipated this, and thus we quantified the frequency of infectious centers by ELDA at
7 d, which revealed that the tsC510G- and tsC510G-US28A-infected cells resulted in similar
infectious center frequencies (Figure 4B). Indeed, the tsC510G-US28A-infected cultures
maintained at 32.5 °C for the duration of the entire assay already displayed a significant
increase in the frequency of infectious centers by 7 d compared to tsC510G-infected cultures
(Figure 4B), consistent with the fact US28-deletion viruses failed to maintain latency in
hematopoietic cells. Together, these data suggest that maintaining tsC510G-US28A-infected
Kasumi-3 cells at the non-permissive temperature forces the infection into a more latent-like
state, thus preventing the production of infectious virus quantifiable by ELDA.
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Figure 3. CD34" HPCs infected with tsC510G at the non-permissive temperature successfully re-
activate from latency when shifted to the permissive temperature. CD34* HPCs were infected
(moi = 2.0 TCIDsq /cell) with WT or tsC510G (ts) and maintained in media favoring latency (latent
infection, black bars) at the indicated culture temperature (7 d). Half of each infected population was
then cultured in reactivation media (reactivation, blue bars) at the indicated reactivation temperature.
Each infected population was co-cultured with naive NuFF-1 cells (14 d), and the frequency of infec-
tious centers was calculated by ELDA. Two biological replicates are shown, each of which contained
pooled donor cells. Each data point (circles) represents a technical replicate (n = 3 per condition).
Error bars indicate SD; statistical significance was calculated using two-way ANOVA followed by
Tukey’s post hoc analysis. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 4. tsC510G-US28A-infected Kasumi-3 cells display a decrease in the frequency of infectious

centers at the non-permissive temperature. Kasumi-3 cells were infected (moi = 1.0 TCIDsq/ cell) with
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tsC510G or tsC510G-US28A and maintained in conditions favoring latency at the indicated culture
temperature (7 d). Each infected population was then co-cultured with naive NuFF-1 cells (14 d) at the
indicated temperature (ELDA temperature). (A) The frequency of infectious centers was calculated
by ELDA 14 d post-co-culture. (B) The infected cells cultured at 32.5 °C and 39.5 °C that were shifted
to 32.5 °C were quantified by ELDA at 7 d post-co-culture. Note that the 14 d data are replotted in
this graph and identical to the data shown in (A). (A,B) Each data point (circles) is the mean of three
technical replicates. Error bars indicate SD of three biological replicates. The statistical significance
was calculated using two-way ANOVA followed by Tukey’s post hoc analysis. * p < 0.05, ** p < 0.01,
*** p = 0.0005, **** p < 0.0001.

4. Discussion

Herein we generated two novel recombinant viruses, TB40/EgfpC510G (tsC510G)
and TB40/EgfpC510G-US28A (tsC510G-US28A), which harbor the C510G mutation in
the UL122 sequence, shown previously to confer a temperature-sensitive mutation [22].
Our findings in lytically infected fibroblasts (Figure 1) confirmed previous findings from
Heider et al., who showed this mutation in the CMV strain, Towne, resulting in the in-
ability of the virus to replicate at the non-permissive temperature [22]. We also show
that these newly generated viruses in the TB40/E background support the infection of
hematopoietic cells, including primary cord blood-derived CD34* HPCs and the CD34*
cell line, Kasumi-3 cells (Figure 3). Importantly, we demonstrate that tsC510G undergoes
latency and reactivation at the permissive temperature, but not when maintained at the
non-permissive temperature (Figure 3). Importantly, tsC510G-US28A fails to maintain
latency under these conditions (Figure 4), consistent with previous findings [9-12,15,16].
However, we show tsC510G-US28A-infected Kasumi-3 cells cultured under latent condi-
tions at the non-permissive temperature show a significant reduction in the frequency of
infectious centers (Figure 4), suggesting that this virus could prove useful as a tool to study
US28-specific regulated host and viral factors without inducing significant lytic replication.

CMV latent infection is maintained in HPCs and monocytes, while more differentiated
hematopoietic cells, including macrophage and dendritic cells, support viral reactivation
and lytic replication. The differentiation of both HPCs and monocytes down the lineage to
the more mature cell types triggers viral reactivation. Thus, it is clear that the differentiation
stage of the hematopoietic cell correlates with the infection stage of the virus. It is therefore
possible that, due to the lytic-like phenotype that results from infection with a US28 mutant
virus in HPCs and monocytes, the cellular milieu changes to one that supports reactivation
and lytic infection, rather than latency. Such alterations in the cell environment could
confound results, making it difficult to identify US28-specific changes versus those that
may be due to a change in the cellular milieu.

We expect that the tsC510G parental backbone will be useful for other investigators
who also study viral factors that are required for CMV latency. Indeed, this temperature-
sensitive virus in hematopoietic cells may also be used as a tool for studying the events
injtiating viral reactivation and coincident cellular differentiation, as manipulating the cul-
ture temperature at defined times may provide temporal snapshots into these processes. We
also anticipate this virus will prove beneficial to investigators interested in host—pathogen
interactions at the initial stages of lytic infection.

5. Conclusions

In summary, we generated two new temperature-sensitive viruses to use as tools to
study latency and reactivation, TB40/EgfpC510G (tsC510G) and TB40/EgfpC510G-US28A
(tsC510G-US28A). We anticipate that the use of the tsC510G virus will prove beneficial to
investigators interested in studying the impact of viral proteins that are required for latency.



Viruses 2022, 14, 1280 90of 10

Author Contributions: Conceptualization, C.M.O.; methodology, B.A K., E.AM. and CM.O.; formal
analysis, B.A.K.; investigation, B.A.K.; resources, B.A. K., A.B.W. and E.A.M.; data curation, B.A.K,;
writing—original draft preparation, C.M.O.; writing—review and editing, B.A K., AB.W., E.AM. and
C.M.O;; funding acquisition, E.A.M. and C.M.O. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Institutes of Health, grant numbers RO1AI153348
and RO1AI150931 (both to C.M.O.), and R21AI147152 (to E.A.M.).

Institutional Review Board Statement: Ethical review and approval were waived for this study, as
the cord blood donations were purchased as de-identified units, which lack all patient identifiers.
Our protocols are exempt from human subject research approvals, under the Cleveland Clinic’s
Institutional Review Board Exemption, protocol IRB#16-1710.

Informed Consent Statement: Not applicable.
Data Availability Statement: All data generated in this study are presented herein.

Acknowledgments: The authors would like to thank Ian Groves for helpful discussions regarding
our findings.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

Boeckh, M.; Leisenring, W.; Riddell, S.R.; Bowden, R.A.; Huang, M.L.; Myerson, D.; Stevens-Ayers, T.; Flowers, M.E.; Cunningham, T.;
Corey, L. Late cytomegalovirus disease and mortality in recipients of allogeneic hematopoietic stem cell transplants: Importance
of viral load and T-cell immunity. Blood 2003, 101, 407—414. [CrossRef] [PubMed]

Boeckh, M.; Nichols, W.G. The impact of cytomegalovirus serostatus of donor and recipient before hematopoietic stem cell
transplantation in the era of antiviral prophylaxis and preemptive therapy. Blood 2004, 103, 2003-2008. [CrossRef] [PubMed]
George, B; Pati, N.; Gilroy, N.; Ratnamohan, M.; Huang, G.; Kerridge, I.; Hertzberg, M.; Gottlieb, D.; Bradstock, K. Pre-transplant
cytomegalovirus (CMV) serostatus remains the most important determinant of CMV reactivation after allogeneic hematopoietic
stem cell transplantation in the era of surveillance and preemptive therapy. Transpl. Infect. Dis. 2010, 12, 322-329. [CrossRef]
[PubMed]

Green, M.L.; Leisenring, W.; Xie, H.; Mast, T.C.; Cui, Y.; Sandmaier, B.M.; Sorror, M.L.; Goyal, S.; Ozkok, S.; Yi, J.; et al.
Cytomegalovirus viral load and mortality after haemopoietic stem cell transplantation in the era of pre-emptive therapy: A
retrospective cohort study. Lancet Haematol. 2016, 3, e119—e127. [CrossRef]

Dooley, A.L.; O’Connor, C.M. Regulation of the MIE Locus During HCMV Latency and Reactivation. Pathogens 2020, 9, 869.
[CrossRef] [PubMed]

Elder, E.; Sinclair, ]. HCMV latency: What regulates the regulators? Med. Microbiol. Immunol. 2019, 208, 431-438. [CrossRef]
Goodrum, F. Human Cytomegalovirus Latency: Approaching the Gordian Knot. Annu. Rev. Virol. 2016, 3, 333-357. [CrossRef]
Smith, N.A.; Chan, G.C.; O’Connor, C.M. Modulation of host cell signaling during cytomegalovirus latency and reactivation.
Virol. J. 2021, 18, 207. [CrossRef]

Elder, E.G.; Krishna, B.A.; Poole, E.; Perera, M.; Sinclair, J. Regulation of host and viral promoters during human cytomegalovirus
latency via US28 and CTCE. J. Gen. Virol. 2021, 102, 001609. [CrossRef]

Humby, M.S.; O’Connor, C.M. Human Cytomegalovirus US28 Is Important for Latent Infection of Hematopoietic Progenitor
Cells. J. Virol. 2015, 90, 2959-2970. [CrossRef]

Krishna, B.A.; Humby, M.S.; Miller, W.E.; O’Connor, C.M. Human cytomegalovirus G protein-coupled receptor US28 promotes
latency by attenuating c-fos. Proc. Natl. Acad. Sci. USA 2019, 116, 1755-1764. [CrossRef] [PubMed]

Krishna, B.A.; Poole, E.L.; Jackson, S.E.; Smit, M.]J.; Wills, M.R.; Sinclair, J.H. Latency-Associated Expression of Human Cy-
tomegalovirus US28 Attenuates Cell Signaling Pathways To Maintain Latent Infection. MBio 2017, 8, e01754-17. [CrossRef]
[PubMed]

Krishna, B.A.; Wass, A.B.; Sridharan, R.; O’Connor, C.M. The Requirement for US28 During Cytomegalovirus Latency Is
Independent of US27 and US29 Gene Expression. Front. Cell. Infect. Microbiol. 2020, 10, 186. [CrossRef]

Wu, S.E.; Miller, W.E. The HCMV US28 vGPCR induces potent Galphaq/PLC-beta signaling in monocytes leading to increased
adhesion to endothelial cells. Virology 2016, 497, 233-243. [CrossRef]

Zhu, D.; Pan, C; Sheng, |J.; Liang, H.; Bian, Z.; Liu, Y.; Trang, P.; Wu, J.; Liu, E; Zhang, C.Y.; et al. Human cytomegalovirus
reprogrammes haematopoietic progenitor cells into immunosuppressive monocytes to achieve latency. Nat. Microbiol. 2018, 3,
503-513. [CrossRef]


http://doi.org/10.1182/blood-2002-03-0993
http://www.ncbi.nlm.nih.gov/pubmed/12393659
http://doi.org/10.1182/blood-2003-10-3616
http://www.ncbi.nlm.nih.gov/pubmed/14644993
http://doi.org/10.1111/j.1399-3062.2010.00504.x
http://www.ncbi.nlm.nih.gov/pubmed/20487414
http://doi.org/10.1016/S2352-3026(15)00289-6
http://doi.org/10.3390/pathogens9110869
http://www.ncbi.nlm.nih.gov/pubmed/33113934
http://doi.org/10.1007/s00430-019-00581-1
http://doi.org/10.1146/annurev-virology-110615-042422
http://doi.org/10.1186/s12985-021-01674-1
http://doi.org/10.1099/jgv.0.001609
http://doi.org/10.1128/JVI.02507-15
http://doi.org/10.1073/pnas.1816933116
http://www.ncbi.nlm.nih.gov/pubmed/30647114
http://doi.org/10.1128/mBio.01754-17
http://www.ncbi.nlm.nih.gov/pubmed/29208743
http://doi.org/10.3389/fcimb.2020.00186
http://doi.org/10.1016/j.virol.2016.07.025
http://doi.org/10.1038/s41564-018-0131-9

Viruses 2022, 14, 1280 10 of 10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Elder, E.G.; Krishna, B.A.; Williamson, J.; Lim, E.Y.; Poole, E.; Sedikides, G.X.; Wills, M.; O’Connor, C.M.; Lehner, PJ.;
Sinclair, J. Interferon-Responsive Genes Are Targeted during the Establishment of Human Cytomegalovirus Latency. MBio
2019, 10, e02574-19. [CrossRef]

Krishna, B.A.; Miller, W.E.; O’Connor, C.M. US28: HCMV’s Swiss Army Knife. Viruses 2018, 10, 445. [CrossRef] [PubMed]
Crawford, L.B.; Caposio, P.; Kreklywich, C.; Pham, A.H.; Hancock, M.H.; Jones, T.A.; Smith, PP,; Yurochko, A.D.; Nelson, J.A;
Streblow, D.N. Human Cytomegalovirus US28 Ligand Binding Activity Is Required for Latency in CD34(+) Hematopoietic
Progenitor Cells and Humanized NSG Mice. MBio 2019, 10, e01889-19. [CrossRef]

Marchini, A.; Liu, H.; Zhu, H. Human cytomegalovirus with IE-2 (UL122) deleted fails to express early lytic genes. . Virol. 2001,
75,1870-1878. [CrossRef]

Stenberg, R.M.; Fortney, J.; Barlow, S.W.; Magrane, B.P; Nelson, J.A.; Ghazal, P. Promoter-specific trans activation and repression
by human cytomegalovirus immediate-early proteins involves common and unique protein domains. J. Virol. 1990, 64, 1556-1565.
[CrossRef]

Li, M,; Ball, C.B.; Collins, G.; Hu, Q.; Luse, D.S.; Price, D.H.; Meier, ].L. Human cytomegalovirus IE2 drives transcription initiation
from a select subset of late infection viral promoters by host RNA polymerase II. PLoS Pathog. 2020, 16, e1008402. [CrossRef]
[PubMed]

Heider, J.A.; Bresnahan, W.A.; Shenk, T.E. Construction of a rationally designed human cytomegalovirus variant encoding a
temperature-sensitive immediate-early 2 protein. Proc. Natl. Acad. Sci. USA 2002, 99, 3141-3146. [CrossRef] [PubMed]

Leng, S.X.; Kamil, J.; Purdy, ].G.; Lemmermann, N.A.; Reddehase, M.].; Goodrum, ED. Recent advances in CMV tropism, latency,
and diagnosis during aging. Geroscience 2017, 39, 251-259. [CrossRef] [PubMed]

Peppenelli, M.; Buehler, J.; Goodrum, F. Human Hematopoietic Long-Term Culture (hLTC) for Human Cytomegalovirus Latency
and Reactivation. Methods Mol. Biol. 2021, 2244, 83-101. [PubMed]

O’Connor, C.M.; Murphy, E.A. A myeloid progenitor cell line capable of supporting human cytomegalovirus latency and
reactivation, resulting in infectious progeny. J. Virol. 2012, 86, 9854-9865. [CrossRef]

Tischer, BK.; von Einem, J.; Kaufer, B.; Osterrieder, N. Two-step red-mediated recombination for versatile high-efficiency
markerless DNA manipulation in Escherichia coli. Biotechniques 2006, 40, 191-197.

Warming, S.; Costantino, N.; Court, D.L.; Jenkins, N.A.; Copeland, N.G. Simple and highly efficient BAC recombineering using
galK selection. Nucleic Acids Res. 2005, 33, €36. [CrossRef]

Hu, Y,; Smyth, G.K. ELDA: Extreme limiting dilution analysis for comparing depleted and enriched populations in stem cell and
other assays. J. Immunol. Methods 2009, 347, 70-78. [CrossRef]

Miller, W.E.; Zagorski, W.A.; Brenneman, ].D.; Avery, D.; Miller, ].L.; O’Connor, C.M. US28 is a potent activator of phospholipase
C during HCMYV infection of clinically relevant target cells. PLoS ONE 2012, 7, €50524. [CrossRef]


http://doi.org/10.1128/mBio.02574-19
http://doi.org/10.3390/v10080445
http://www.ncbi.nlm.nih.gov/pubmed/30127279
http://doi.org/10.1128/mBio.01889-19
http://doi.org/10.1128/JVI.75.4.1870-1878.2001
http://doi.org/10.1128/jvi.64.4.1556-1565.1990
http://doi.org/10.1371/journal.ppat.1008402
http://www.ncbi.nlm.nih.gov/pubmed/32251483
http://doi.org/10.1073/pnas.052710599
http://www.ncbi.nlm.nih.gov/pubmed/11867756
http://doi.org/10.1007/s11357-017-9985-7
http://www.ncbi.nlm.nih.gov/pubmed/28681110
http://www.ncbi.nlm.nih.gov/pubmed/33555583
http://doi.org/10.1128/JVI.01278-12
http://doi.org/10.1093/nar/gni035
http://doi.org/10.1016/j.jim.2009.06.008
http://doi.org/10.1371/journal.pone.0050524

	Introduction 
	Materials and Methods 
	Cells 
	Viruses 
	Multistep Growth Analyses 
	Infection of Kasumi-3 and CD34+ Cells 
	Extreme Limiting Dilution Assay 

	Results 
	tsC510G Displays Impaired Lytic Growth at the Non-Permissive Temperature 
	tsC510G-Infected Primary CD34+ Hematopoietic Progenitor Cells Reactivate from Latency 
	tsC510G-US28-Infected Kasumi-3 Cells Have a Significantly Reduced Infectious Center Frequency When Cultured at the Non-Permissive Temperature 

	Discussion 
	Conclusions 
	References

