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Abstract

The precise cell type hosting latent human cytomegalovirus (HCMV) remains elusive. Here, we
report that HCMV reprogrammes human haematopoietic progenitor cells (HPCs) into a unique
monocyte subset to achieve latency. Unlike conventional monocytes, this monocyte subset
possesses higher levels of B7-H4, IL-10 and inducible nitric oxide synthase (iNOS), a longer
lifespan and strong immunosuppressive capacity. Cell sorting of peripheral blood from latently
infected human donors confirms that only this monocyte subset, representing less than 0.1% of
peripheral mononuclear cells, is HCMV genome-positive but /mmediate-early-negative.
Mechanistic studies demonstrate that HCMV promotes the differentiation of HPCs into this
monocyte subset by activating cellular signal transducer and activator of transcription 3 (STAT3).
In turn, this monocyte subset generates a high level of nitric oxide (NO) to silence HCMV
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immediate-earfy transcription and promote viral latency. By contrast, the US28-knockout HCMV
mutant, which is incapable of activating STAT3, fails to reprogramme the HPCs and achieve
latency. Our findings reveal that via activating the STAT3-iINOS-NO axis, HCMYV differentiates
human HPCs into a longevous, immunosuppressive monocyte subset for viral latency.

HCMV is a widespread pathogen and can establish life-long latent infection in large
populations®. Although HCMV reactivation from latency is normally asymptomatic in a
healthy person, it can be fatal for immunocompromised individuals such as AIDS patients?
and organ transplant recipients3.

Previous studies have shown that HCMV latency is restricted to myeloid cells and the
process of establishing dormancy probably involves the action of viral tegument proteins, as
well as epi-genetic modifications of the viral genome*®. The elegant work by Reeves and
coworkers® showed that circulating dendritic cells are sites of viral reactivation. However,
not all myeloid linage cells can be the hosts of HCMV latency. Employing sensitive PCR,
Bevan et al.” were the first to detect the HCMV genome in whole peripheral blood from
latently infected donors. Although conventional mature monocytes generally have a short
life span, it has been demonstrated® that HCMV infection could induce monocytes to
differentiate into macrophages to obtain longevity. Since then, a number of researchers have
established experimental latent systems in monocytes8-10. However, although monocytes are
able to harbour experimental latency, it is widely accepted that HCMV achieves natural
latency in CD34* H PCs-17. When primitive HPCs are infected with HCMV, the
expression of viral lytic genes is rapidly suppressed, and the viral genome is maintained as a
stable episome without producing new virions819, The host cells carrying latent viral
genomes also have the capability to re-enter the active infection cycle in response to
stimuli2. Despite increased research in the area of HCMV latent infection, much remains to
be understood about the viral and cellular mechanisms that are involved in the establishment
of latency.

HCMV infection can profoundly affect the infected cells, resulting in the modulation of cell
metabolism, cell cycle, cell death and immune surveillance. These fundamental changes to
the infected cells may contribute to the establishment of HCMV latency. Despite a much-
restricted transcription profile, HCMV latent infection is associated with an active
manipulation of host cell functions!415.20.21.22 |eading to optimization of the host cell for
latent carriage and reactivation. Using next-generation sequencing to compare the
transcriptome profile of HCMV latently infected CD14* and CD34* cells in experimental
latency with that in natural latency, two long non-coding RNAs, RNA4.9and RNAZ. 7 have
been identified!®, as well as the messenger RNAs encoding replication factors (L84 and
UL 44, which may contribute to mediating viral genome maintenance. It has also been
reported! that a smaller IE1 protein species expressed in latently infected HPCs is required
for viral genome persistence and maintenance, suggesting that viral chromosome
maintenance and replication in the host cells is dependent on certain HCMYV latency-specific
factors.

In the present study, through characterizing how establishment of latent infection with either
a wild-type strain of HCMV or an HCMV US28-knockout mutant would impact CD34*
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HPCs isolated from human bone marrow, we report that the clinical HCMV strain can
reprogramme human HPCs into a unique monocyte subset necessary for establishing
latency. Different from conventional monocytes, this monocyte subset possesses higher
levels of B7-H4, 1L-10 and inducible nitric oxide synthase (iNOS), a longer lifespan and a
strong immunosuppressive capacity. Our mechanistic studies further show that a high nitric
oxide (NO) level is critical for suppressing HCMV immediate-early (/E) gene expression
and viral replication, and that HCMV-induced cellular STAT3 activity plays an essential role
in reprogramming HPCs into this monocyte subset for viral latency.

HCMV latent infection differentiates HPCs into an immunosuppressive monocyte subset.

To identify the characteristics of HCMV latently infected cells, we infected CD34" HPCs
from human bone marrow with a clinical HCMV strain NR-1 (ref.23). The NR-1 strain
contains a green fluorescent protein (GFP) reporter so the infected cells can be enriched
through cell sorting23. In this experiment, bone marrow was collected from donors who were
HCMV-negative as assessed using anti-HCMYV antibody and HPCs were isolated as
previously describedl”-23, Given that CD34* HPCs are highly heterogeneous and contain
haematopoietic stem cells (HSCs), HSC-derived multipotent progenitor (MPP), common
myeloid progenitor (CMP) and granulocyte-macrophage progenitor, we used CD33 as a
marker to sort CD33-positive common myeloid progenitor and granulocyte-macrophage
progenitor from CD33-negative HSCs and MPP. In the present study, only more primitive
progenitor cells, CD34*CD33~ HSCs and MPP, were used for viral latent infection
experiments. HPCs were infected with NR-1 at a multiplicity of infection (MOI) of two for
the establishment of viral latency. Given a low efficiency of HCMV to HPCs at low MOI24,
we sorted out the cells successfully infected with NR-123 at two days post infection (dpi).
NR-1 latently infected HPCs were treated with 12- O-tetradecanoylphorbol-13-acetate (TPA)
for 24 h and then incubated with human foreskin fibroblasts (HFF) to reactivate HCMV
from latent infection. As shown in Fig. 1a—c, unlike laboratory Towne and Ad169 strains
which failed to achieve latency in HPCs, NR-1 successfully achieved latency in HPCs after
14 dpi, as indicated by positive viral genome and latency-associated gene transcription but
negative /E1 and lytic infection-associated gene transcription. Both PCR with reverse
transcription and viral titre assays confirmed that viral latency could be reactivated by
coculture with HFF (Supplementary Fig. 1). HCMV latent infection in CD34*CD33~ HPCs
after 14 dpi was confirmed by using another clinical isolate, VR-1814 (Supplementary Fig.
2).

To define the cell type harbouring NR-1 latency, we compared the genome-wide
transcription profiling in CD34*CD33~ HPCs latently infected with NR-1 with that in
Mock-infected CD34*CD33~ HPCs. Affymetrix microarray data (GSE106879) showed that,
compared to Mock infection, NR-1 latency upregulated 6,503 gene transcripts (fold change
> 2, red) and downregulated 4,848 gene transcripts (fold change < 0.5, blue) in HPCs at 14
dpi (Fig. 1d). Specifically, compared to HPCs with Mock infection, the NR-1 latently
infected HPCs expressed significantly lower levels of progenitor cell markers, such as
CD34, Myc and KLF1/3, but higher levels of monocytic marker proteins, chemokines and
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adhesion molecules, including CD14, CD33, CCL2-8, ICAM1 and B7-H4 (Fig. le),
suggesting that CD34*CD33~ HPCs were reprogrammed into monocyte-like cells during
HCMYV latency.

We next examined the expression profile of cellular surface marker proteins on the HPCs
infected with NR-1 at 14 dpi by flow cytometry. As shown in Fig. 2a, NR-1 latent infection
resulted in a significant loss of CD34 but gains of CD14, CD33, CD11b, CD16 and M-
CSFR on HPCs, confirming that HPCs indeed differentiate into a monocyte-like cell subset.
However, compared to mature monocytes, the cells harbouring NR-1 latency expressed
lower levels of CD14 and HLA-DR but higher levels of M-CSFR and CD16. Moreover,
NR-1-infected HPCs became B7-H4-positive, while mature monocytes remained B7-H4-
negative. As the CD14!°CD16* monocyte subset, currently considered non-classical or
‘patrolling” monocytes, exhibits a longer lifespan than classic CD14"CD16~ monocytes?,
we tested whether the cells harbouring NR-1 latency also had a longer lifespan than mature
monocytes. Cell apoptosis (Fig. 2b) and viability assays (Fig. 2¢) both confirmed that NR-1
latently infected HPCs had significantly delayed apoptosis and increased cell viability
compared to mature monocytes. Analysis of the cytokine profile of NR-1 latently infected
HPCs confirmed that HPCs were reprogrammed by HCMV infection. As shown in Fig. 2d,
the levels of IL-4, IL-6, IFN-y, GM-CSF and IL-10 secreted by the latently infected cells
were significantly higher than those secreted by HPCs with Mock infection. Compared to
mature monocytes, NR-1 latently infected cells expressed higher levels of IL-4 and IL-10
but lower levels of IL-6, IFN-y and GM-CSF.

We also tested gene expression of the infected CD34*CD33~ HPCs at different time points
following the infection. As shown in Supplementary Fig. 3, the CD34 mRNA level had
rapidly decreased in HPCs infected with NR-1 compared to those with Mock infection. In
contrast, the CD45 mRNA level started to dramatically increase in NR-1-infected
CD34*CD33 HPCs after 7 dpi compared to that with Mock infection. The levels of CD33,
B7-H4, CD16 and CD14 transcripts had increased in a linear fashion along the time course
of infection in NR-1-infected HPCs compared to those with Mock infection. Comparison of
CD34*CD337CD14™ HPCs to CD347CD33*CD14~ HPCs at the late stage of NR-1
infection showed that both HPCs exhibited similar levels of surface B7-H4, CD16 and
CD14, suggesting that NR-1 infection results in a differentiation of both HPCs into the
CD14!°CD16™ monocyte subset (Supplementary Fig. 4).

As evading the T-cell immune response is critical for HCMV latency, we tested whether the
cells harbouring NR-1 latency can survive the attack by T cells. To our surprise, NR-1
latently infected HPCs strongly inhibited the proliferation of CD4* and CD8" T cells
induced by concanavalin A (ConA), whereas either HPCs with Mock infection or mature
monocytes showed a minimal inhibitory effect (Fig. 3a). Identification of the suppressive
capacity of HCMV latently infected cells on T-cell proliferation is in agreement with the
previous finding that HCMV UL 111A can suppress CD4* T-cell proliferation6. The
findings that the cells harbouring NR-1 latency express CD33 and CD11b and possess
immunosuppressive capability suggest that these cells may have acquired the phenotype of
human myeloid-derived suppressor cells (MDSCs)?’.
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Human MDSCs can be divided into two major populations: monocytic MDSCs (Mo-
MDSCs) and granulocytic MDSCs27. Mo-MDSCs suppress T-cell proliferation through NO
generated by iNOS, whereas granulocytic MDSCs suppress T-cell proliferation through
releasing reactive oxygen species (ROS)2. To explore the mechanism by which the cells
harbouring HCMV latency suppress T-cell proliferation, we assessed the levels of INOS/NO
and ROS at various dpi. As shown in Fig. 3b, NR-1 infection rapidly induced iNOS
expression, whereas iNOS was barely detectable in HPCs with Mock infection. As expected,
the NO level in NR-1 latently infected cells was also markedly elevated compared to HPCs
with Mock infection (Fig. 3c). In agreement with this, increased levels of iNOS and NO
were also detected in the HPCs latently infected with VR-1814 (Supplementary Fig. 5). By
contrast, no increase of ROS level was observed in NR-1 latently infected cells (Fig. 3d).
Compared to polymorphonuclear leukocytes that express high levels of ROS, HPCs with
Mock or NR-1 infection displayed low ROS production. Comparison of NR-1-infected
HPCs to conventional mature monocytes further showed that NR-1 latently infected cells are
different from mature monocytes. As shown in Supplementary Fig. 6, NR-1 latently infected
cells expressed significantly higher levels of CD16, CD86, CCR5, CD34 and iNOS but
lower levels of CCR1 and CD33 than mature monocytes. These results demonstrate that the
cells harbouring HCMV latency constitute a unique monocyte subset, exhibiting an
immunosuppressive capacity to inhibit T-cell proliferation in a mechanism similar to Mo-
MDSCs.

To validate whether this unique monocyte subset can serve as the host of latent HCMV, we
directly isolated this monocyte subset from the peripheral blood of HCMV latently infected
donors and determined the cellular levels of the HCMV genome and /£1. Peripheral blood
mononuclear cells (PBMCs) were first isolated from donors (Supplementary Fig. 7a, left),
followed by CD14-positive selection to gate out total monocytes (~13.7% of PBMCs)
(Supplementary Fig. 7a, middle). Since this unique monocyte subset harbouring latent NR-1
is B7-H4-positive whereas mature monocytes are B7-H4-negative (Fig. 1c), we further
sorted out the B7-H4-positive monocyte subset from whole CD14-positive monocytes by
flow cytometry. As shown, this B7-H4-positive monocyte subset occupied only 0.78% of the
total peripheral monocytes (Supplementary Fig. 7a, right). As expected, HCMYV latency,
indicated by viral genome-positive but /£-negative status, was confirmed in the whole
PBMCs from HCMV antigen-positive donors but not HCMV antigen-negative donors
(Supplementary Fig. 7b). Strikingly, higher levels of the HCMV genome were found in the
small population of B7-H4-positive monocytes than in the large population of B7-H4-
negative monocytes (Supplementary Fig. 7c). Given that the B7-H4-positive monocyte
subset only occupies 0.78% of total monocytes and ~0.1% of whole PBMCs, the viral
genome level per cell was significantly higher in B7-H4-positive monocytes than in B7-H4-
negative conventional monocytes and the overall PBMCs (Supplementary Fig. 7d).
Importantly, although the HCMV genome was positive in the B7-H4-positive monocyte
subset, /E1 transcription was undetectable (Supplementary Fig. 7e). However, the level of
viral /£1 had strongly increased following the reactivation of HCMV in the B7-H4-positive
monocyte subset (Supplementary Fig. 7e,f).

Nat Microbiol. Author manuscript; available in PMC 2019 May 28.
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High level of intracellular NO is key for establishing HCMV latency in progenitor cells.

To understand how this B7-H4-positive monocyte subset contributes to HCMV latent
infection, we explored the role of NO in modulating HCMV latency by both gain-of-
function and loss-of-function assays. We first transfected NR-1-infected HPCs with iNOS
short interfering RNA (siRNA) to decrease NO production or directly depleted cellular NO
with NG-Methyl-L-arginine acetate salt (MG-M-L-Arg) in host cells. As shown in Fig. 4,
decreasing cellular NO production via iNOS siRNA (Fig. 4a,b) in NR-1-infected HPCs
dramatically increased HCMV /E1 expression and viral replication (Fig. 4c). Depletion of
cellular NO by NG-M-L-Arg treatment in NR-1-infected HPCs (Fig. 4d) also strongly
increased HCMV /E1 expression and viral replication (Fig. 4e). Moreover, we also observed
that cellular NO level in the latently infected cells was decreased when the cells were treated
with TPAZ8 for viral reactivation (Supplementary Fig. 8). Taken together, these results
suggest that a high level of intracellular NO is critical for establishing and maintaining
HCMV latency.

To further confirm the role of NO in HCMV latent infection, we overexpressed iNOS in
promyelocytic cell line HL-60 with lentivirus. Since HL-60 cells produce a low level of NO
and are unable to host HCMV latency, we tested whether increasing the NO level would
make them suitable for viral latency. As shown in Fig. 4f, lentivirus-mediated iNOS
expression in NR-1-infected HL-60 cells increased the production of NO, resulting in a
strong suppression of both HCMV /E1 expression and viral replication (Fig. 4g). Increasing
cellular NO level via iINOS overexpression (Supplementary Fig. 9a) also significantly
alleviated the apoptosis of HL-60 cells infected with NR-1 (Supplementary Fig. 9b),
suggesting that more viruses entered the quiescent rather than lytic stage.

To test whether intracellular NO can directly affect the transcription of the HCMV /£ gene,
we constructed a luciferase reporter plasmid consisting of the promoter region of the HCMV
IE1/2 gene?® (Fig. 4h) and transfected it into HL-60 and THP-1 cells. As shown in Fig. 4i,
the luciferase activity was strongly inhibited in the iNOS-overexpressing HL-60 cells, which
suggests that cellular NO suppresses the /E1/2 promoter activity. Interestingly, in the THP-1
cells, the luciferase activity was significantly enhanced when iNOS was knocked down via
iNOS siRNA. These results demonstrate that the high level of NO may contribute to the viral
latent infection via directly controlling the activity of the HCMV IE1/2 promoter.

HCMV latency-induced progenitor cell reprogramming is dependent on STAT3 activity.

Next, we explored the mechanism underlying the reprogramming of HPCs to the Mo-
MDSC-like monocyte subset following HCMV infection. Considering the role of STAT1
and STAT3 in regulating the differentiation of HPCs into Mo-MDSCsC and the activation of
STAT3 during HCMV infection3L, we tested whether STAT1 and STAT3 were involved in
the cellular reprogramming of the NR-1-infected HPCs. As shown in Fig. 5a,b, NR-1
infection induced a time-dependent increase of phosphorylated STAT3 (pSTAT3) level but
not phosphorylated STAT1 (pSTAT1) level. A similar increased pSTAT3 level in HPCs was
observed following latent infection with VR-1814 (Supplementary Fig. 10). These results
suggest that STAT3 activity may play a critical role in HCMV-induced HPC differentiation
to the Mo-MDSC-like monocyte subset, which produces a high level of NO. To confirm it,
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we knocked down STAT3 in HPCs using STAT3-specific SIRNA and then infected the cells
with NR-1 (Supplementary Fig. 11). The cell viability assay showed that treatment with
lentivirus-mediated STAT3 siRNA or control oligonucleotide delivery did not affect the
viability of HPCs (Fig. 5c). However, loss of STAT3 activity resulted in a significant
reduction of iINOS expression (Fig. 5d) and NO level (Fig. 5e) in the NR-1-infected HPCs.
Accordingly, the levels of HCMV /E1 transcript (Fig. 5f) and viral replication (Fig. 5g) were
strongly increased in NR-1-infected HPCs when STAT3 was knocked down.

To validate the critical role of STAT3 in HCMV-induced differentiation of HPCs into the
immunosuppressive monocyte subset, we monitored HPCs following the infection by a
mutated NR-1 strain that cannot activate STAT3. US28, a viral G protein-coupled receptor
encoded by HCMV, has been found to be expressed in HCMV latently infected cells32.
Although the exact role of US28 in HCMV latency remains unknown, previous studies
showed that USZ8 constitutively activates signalling pathways linked to cell
proliferation31:33, The discovery of colocalization of US28with pSTAT3 in the vascular
niche of the HCMV-associated tumour3! suggests that US28 may activate the JAK1-STAT3
signalling axis. As shown in Supplementary Fig. 12, US28 knockout did not impair the viral
growth. However, western blot analysis showed that infection of USZ28KO NR-1 strain
failed to increase cellular pSTAT3 levels in CD34* HPCs (Fig. 6a). In line with this, US2&
KO infection failed to reprogramme CD34" HPCs to the immunosuppressive monocyte
subset, as shown by an absence of iNOS (Fig. 6b) and NO (Fig. 6¢) induction. Different
from NR-1 infection which induces B7-H4 and CD16 in CD34* HPCs, (S28-KO infection
failed to increase the levels of these proteins but enhanced CD14 level (Fig. 6d).
Furthermore, HPCs infected with US28KO did not inhibit CD4 T-cell proliferation (Fig.
6e). In contrast to NR-1 infection establishing latency at 14 dpi, US28-KO infection in HPCs
failed to achieve latency, as indicated by continuous viral replication and persistent /£1
expression (Fig. 6f,g).

Given that cellular NO produced by iNOS plays a key role in facilitating NR-1 latency in
HPCs, failure to achieve USZ28-KO latent infection in HPCs may be due to a lack of iNOS
and NO induction. To validate this hypothesis, we tested whether increasing the iNOS level
can facilitate US28-KO to achieve latent infection. As shown in Supplementary Fig. 13, the
levels of INOS and NO in HPCs infected with US28KO were successfully increased via
lentivirus-mediated iNOS overexpression. Overexpression of iNOS via LV-iINOS
transfection strongly suppressed the /£1 level as well as HCMV replication (Fig. 6h) in
US28-KO-infected HPCs at 7 dpi. Overexpression of iNOS also significantly enhanced cell
survival following US28-KO infection (Fig. 6i). In contrast, when cellular NO was depleted
using NG-M-L-Arg in iNOS-overexpressed HPCs (Fig. 6j), the viral /EZ expression level
and HCMV replication after US28-KO infection were strongly increased in US28KO-
infected HPCs at 14 dpi (Fig. 6K).

Discussion

As a critical component of innate immunity and host defence, NO stimulates antiviral
activity against various viruses34:35. Here, we demonstrate that a high level of intracellular
NO plays a key role in silencing HCMV replication, enabling the virus to establish latent
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infection. Although the molecular mechanism remains unclear, our results from a luciferase
reporter assay show that NO strongly inhibits HCMV /£ expression through suppressing
1E1/2 promoter activity (Fig. 5h). In agreement with NO being crucial for suppressing
Epstein—Barr virus lytic infection and B cell apoptosis, we have shown that rapid depletion
of intracellular NO in HCMV latently infected cells results in cell apoptosis. NO may exert a
direct effect in suppressing the process of apoptosis or an indirect effect through suppressing
viral replication. Although it still remains speculative, several mechanisms have been
proffered for how NO might directly suppress apoptosis. NO may impede apoptosis by
switching the cell’s ATP production from oxidative phosphorylation to glycolysis which
enables cell survival3.

We showed that STAT3 activity plays an important role in reprogramming HPCs into the
immunosuppressive monocyte subset that harbours HCMV latency. Given the similarity
between the cells harbouring NR-1 latency and Mo-MDSCs, we postulated that a similar
molecular mechanism may be involved in STAT3-mediated iNOS upregulation and cell
differentiation in HCMV-infected HPCs. Consistent with this hypothesis, a previous study3’
identified STAT3 as a transcription factor associated with HCMYV latency. The critical role of
STAT3 activity in HCMV latency was also validated using the US28KO HCMV mutant.
Although the mechanism remains unclear, it has been shown that3® US28 is required for
latent HCMV within HPCs. As shown in Fig. 6, we found that the (S28-KO strain of
HCMYV failed to activate STAT3 in HPCs due to low iNOS expression and NO production.
These results suggest that activation of the STAT3 signalling pathway, which requires the
HCMYV US28gene, plays an essential role in establishing HCMV latency in HPCs.
Considering that a previous report3® showed that latency-associated CMVIL-10 strongly
activated STAT3 in immature dendritic cells, it would be interesting to know whether the
US28knockout would affect the expression of CMVIL-10. Our results also showed that
NR-1 infection significantly increased CD33 expression in HPCs, supporting the notion that
the cells harbouring NR-1 latency are CD33*-lineage-committed populations!. Comparing
HCMV infection in various CD34" cell subpopulations, Goodrum et al.16 previously found
that only the CD34*/CD38~ population and not the CD34*/c-kit* population became the
host cells for HCMV latent infection. In agreement with this finding, the transcript profiling
(Fig. 1d,e) showed that CD38 transcript level in the cell populations harbouring NR-1
latency (14 dpi) was significantly decreased compared to that in HPCs with Mock infection.

Immunosuppressive function of the cells harbouring HCMV latent infection has been
previously reported?C. By analysing the secretome in cells carrying latent HCMV, it has been
demonstrated2? that CC chemokine ligand CCL8 produced by HCMV latently infected cells
could inhibit cytokine secretion by CD4* T cells. Interestingly, our microarray analysis also
showed that CCL8 transcript level was increased more than 30-fold in NR-1 latently infected
HPCs compared to that in HPCs with Mock infection (Fig. 1d,e). Examining the literature
on this unique monocyte subset also suggests it has a role in HCMV reactivation and
dissemination. This immunosuppressive monocyte subset generally expresses cytokine
receptors which enable it to migrate to and accumulate at inflammatory loci. Once at the site
of inflammation, inflammatory cytokines or cell differentiating factors can induce it to
differentiate into mature monocytes. As differentiation of this monocyte subset into mature
monocytes reduces cellular iNOS and NO levels, HCMV in the latency phase would be
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reactivated. This is consistent with the observation that reactivation of latent HCMV
generally occurs at inflammatory sites such as the lymph nodes as well as salivary and
thymus glands®%4L, Interestingly, it has been reported? that a similar finding that MCMV
could enhance the immune regulatory system to modulate host cell adaptive immunity via
producing NO, a typical phenotype of the Mo-MDSC. This finding, in combination with our
results, strongly argues that the B7-H4-positive, immunosuppressive monocyte subset is the
true host of cytomegalovirus latency, and that the transport and differentiation of such a
monocyte subset is tightly associated with cytomegalovirus reactivation and dissemination.

Based on these results, we propose a working model for HCMV achieving latency in human
HPCs (Supplementary Fig. 14). According to this model, infection of CD34* HPCs by
HCMV immediately activates cellular STAT3. Activation of STAT3 then promotes the
differentiation of HPCs into a unique monocyte subset that strongly expresses iNOS and
produces NO. A high level of cellular NO, in turn, suppresses HCMV /£ expression and
viral replication, leading to HCMYV latency. In line with this, the provocation that reactivates
viruses from latency, such as TPA treatment, was associated with a reduction of cellular NO
(Supplementary Fig. 8). Moreover, the NO-mediated immunosuppressive function of this
monocyte subset also enables the cell to evade attack by T cells and thus facilitates HCMV
latency. We further showed that latently infected HPCs are less susceptible to the induction
of apoptosis and they exhibit greater longevity than classical monocytes. In conclusion, our
findings provide evidence that HCMV reprogrammes human HPCs into a unique
immunosuppressive monocyte subset to achieve latency. Mechanistic studies further show
that the STAT3-iINOS-NO axis activated by viral infection plays an essential role in this
reprogramming process. ldentification of the membrane marker protein for cell type hosting
HCMYV latency, such as B7-H4, also opens up an avenue for developing strategies to
eradicate the latently infected cells before organ transplantation.

Reagents, cells, virus and antibodies.

Bone marrow cells were obtained from materials collected from healthy donors in a standard
health examination at Jiangsu Province People’s Hospital. The protocol was approved by the
Institutional Review Board of Nanjing University. All participants received oral and written
information about the study prior to written consent being obtained. Primary CD34+*CD33~
HPCs were isolated via MOFLO XDP SORTER (Beckman). Cultures of primary CD34"
HPCs were established as described previously?3, Human HL-60, THP-1 and HFF-1 were
purchased from the American Type Culture Collection (ATCC) and cultured according to the
ATCC’s instruction. Antibodies were purchased from these sources: anti-iNOS, anti-STAT3,
anti-pSTAT3, anti-STAT1 and anti-pSTAT1 antibodies (Cell Signalling); PE-conjugated
antibodies against human CD4 and CD8 (Beckman); PE-conjugated anti-human CD34,
CD11b,CD33, CD47, CD14, CXCR4, B7-H4, M-CSFR, HLA-DA, CCLS5, IgG-isotype
control antibodies and APC-conjugated anti-human HLA-DR (Biolegend); anti-GAPDH
antibody (Santa Cruz). NR-1 and VR-1814 were HCMV clinical isolates while Towne and
AD169 were laboratory-adapted strains2343, HCMV NR-1BAC and TowneBAC were
constructed by inserting a BAC sequence into the genome of HCMV clinical isolate NR-1
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and laboratory-adapted strain Towne. Using the ‘scarless’ mutagenesis procedure, mutant
US28-KO was derived from NR-1BAC by introducing a stop codon downstream from the
US28translation initiation site. The propagation of HCMV strains (for example, NR-1,
NR-1BAC) in the infected cells has been described previously23:43,

Analysis of viral RNA and DNA.

The infected cells were collected and washed with PBS three times. For the viral and cell
DNA extraction, a DNA extraction kit (QIAGEN) was used according to the manufacturer’s
instructions. The quantity of viral genome was evaluated by quantitative PCR (qPCR) (horm
alized to GAPDH) and semi-qPCR using the /EZ primer. In gP CR experiments, all samples
were analysed in triplicate by an SYBR green probe using Applied Biosystems 7900 real-
time PCR machine. All samples were analysed by PCR and agarose electrophoresis. The
absolute levels of HCMV genome copy were determined according to a standard curve.
Briefly, the IE1 open reading frame was synthesized and diluted to a series of
concentrations. The samples were used to generate a concentration standard curve. The Ct
(threshold cycle) value of cell-associated viral DNA was also determined with an equal
loading amount of total infected cellular DNA (0.5 pg). Through a standard curve, the
concentration of cell-associated viral DNA was determined. Intracellular viral RNA was
isolated using Trizol Reagent (Invitrogen) according to the manufacturer’s instructions.
Samples were treated with DNase using the DNA-free kit (Ambion). The concentration of
RNA was determined and 0.5 ug was used for the reverse transcriptase reaction. /EZ
complementary DNA was synthesized using the TagMan reverse transcription kit with
random hexamers according to the manufacturer’s protocol (Applied Biosystems). Equal
amounts of cDNA were analysed by qPCR in triplicate using Applied Biosystems 7900 real-
time PCR. The results were normalized to the level of GAPDH. The amounts of cDNA were
also analysed by semi-qPCR, in which all samples were analysed by PCR of 28 cycles and
agarose electrophoresis. The primers set for DNA and cDNA of IE1 is as follows: IE1,
forward 5"-GCCT TCCCTAAGACCACCAAT-3" and reverse 5’-
ATTTTCTGGGCATAAGCCATAATC-3". The primers sets for DNA and cDNA of GAPDH
are: forward 5 -TCAGAAAAAGGGCCCTGACAACT-3, reverse 5'-
TCCCCTCTTCAAGGGGTCTACA-3’ and forward 5'-AGGCTAGGGACGGCCT-3’,
reverse 5'-GCCATGGGTGGAATCATATTG-3’, respectively.

Viral infection and reactivation.

Bone marrow progenitor cells or HL-60 cells were infected with HCMV at a multiplicity of
2 plaque-forming units (p.f.u) per cell. The ultraviolet-inactivated virus was used as mock
infection. One hour before infection, the cell culture media was changed to a serum-free
fresh one. The infected cells were cultured for 2 h and then washed three times with PBS to
remove cell-free virus. The infected cells were harvested at the indicated dpi. All cell media
were changed every day. For the reactivation experiments, 20 ng mI~1 TPA (Sigma-Aldrich)
was added to latently infected cell culture to induce viral lytic reactivation, then cells were
cocultured with HFF-1. Cells were harvested after seven days. Virus particles were then
harvested from the cells when they showed a complete cytopathic effect, and virus titres
were measured with p.f.u assays of fibroblasts. HCMV was propagated in primary HFF cells
in DMEM supplemented with 10% FBS and 100 U mI~2 each of penicillin and
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streptomycin. Virus stocks were stored in DMEM containing 10% FBS and 1.5% BSA in
liquid nitrogen.

Microarray analysis.

Primary CD34* HPCs were infected with HCMV at a multiplicity of 2 p.f.u per cell. The
ultraviolet-inactivated virus was used as mock infection. At 14 dpi, the infected cells were
harvested. Total RNA was extracted with TRIzol (Sigma-Aldrich) and subjected to the
analysis with PrimeView Human Gene Expression Array (Affymetrix)*44°. A Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific, Inc.) was used to measure the optical
density values (A260/A280) of the samples, and electrophoresis of the 285/18S bands was
conducted to assess the quality of the total RNA samples. Following overnight hybridization,
the chips were washed and stained according to the manufacturer’s protocols. The
hybridized chips were scanned by Affymetrix GeneChip Scanner 3000 7G. The
differentially expressed gene sets between experimental groups and controls were analysed
by significance analysis of microarray. The gene sets were considered as significant if a false
discovery rate < 0.05 and the fold changes (experimental groups versus controls) were larger
than 2 or less than 0.5.

T-cell proliferation assays.

For the T-cell proliferation assay, peripheral blood was first separated with lymphocyte
separation medium. Lymphocytes were then incubated with CFSE (5(6)-carboxyfluorescein
diacetate succinimidyl ester of CFDA SE) for 15 min to label the cells according to the
manufacturer’s instructions (Invitrogen). In the presence of ConA (Sigma-Aldrich)*6, CFSE-
labelled lymphocytes were cocultured at 2:1 ratios with the cells latently infected by HCMV
or monocytes in 96-well flat-bottom plates. T-cell proliferation was analysed by flow
cytometry on day 4.

Detection of ROS.

ROS was quantified using Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit
(Molecular Probes) according to the manufacturer’s protocol. Briefly, cell supernatant was
collected. After addition of 30 ng mI~1 TPA, the absorbance at 560 nm was measured using
a microplate plate reader (Molecular Devices SpectraMax M2) at 37°C. Absorbance results
were normalized to a standard curve generated by serial dilutions of 20 mM H,0,.

Measurement of cell supernatant cytokine levels.

Cell supernatant was collected. Levels of IL-4, IL-6, IL-10, IL-17A, M-CSF and GM-CSF
were determined using ELISA kits (R&D Systems). The absorbance was measured using
wavelength correction (Aysq) with a microplate reader (Bio-Rad).

Plasmid construction and transfection.

To generate luciferase reporter plasmids, full-length IE1 promoter was directly synthesized
chemically and cloned into the pMIR-report plasmid (Ambion). Successful insertion was
confirmed by sequencing. For luciferase reporter assays, 0.2 ug of firefly luciferase reporter
plasmid and 0.1 pg of B-galactosidase expression vector (Ambion) were transfected into 239

Nat Microbiol. Author manuscript; available in PMC 2019 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al. Page 12

T cells in 24-well plates using the Lipofectamine 3000 (Invitrogen). The p-galactosidase
vector was used as a transfection control. At 24 h post-transfection, cells were analysed
using a luciferase assay kit according to the manuals (Promega).

Infection with lentivirus.

Lentiviruses encoding STAT3, iINOS, STAT3 siRNA and iNOS siRNA genes were generated
and confirmed by GenePharma. An empty-backbone lentivirus was used as a control. Cells
were incubated with the lentiviruses at MOI of 5:1 along with 8 ug ml~1 Polybrene for 48 h
before further treatment.

Apoptosis analysis.
Cell apoptosis was assayed by using the FITC-Annexin V Apoptosis Detection Kit | (BD
Bioscience) as previously described?. In brief, cells were washed twice with cold PBS and
then re-suspended in the binding buffer at a final density of 108 cells mI~1. Next, 100 ul of
cell suspension containing 10° cells was taken for apoptosis measurement. FITC-annexin VV
and propidium iodide were added (5 pl of each) and the cell suspension was mixed and then
incubated for 15 min in the dark. Finally, 400 ul of binding buffer was added to the cell
suspension and the cells were analysed by flow cytometry using FACS Calibur (BD
Bioscience) and Flowjo Software. The test was performed in triplicate under each condition.

Cell viability assay.

A 12 mM MTT (Sigma-Aldrich) stock solution was prepared by adding a 5 mg vial of MTT
into 1 ml of sterile PBS. Cells were seeded at densities between 5,000 and 10,000 cells per
well in phenol red-free medium (Gibco) and then cultured for 48 h. The microplates were
centrifuged to pellet the cells and replaced with 100 pl of fresh medium. MTT stock solution
(10 pl) and DMSO (50 pl) were added to each well and mixed thoroughly with a pipette.
The microplates were then incubated at 37°C for 10 min. Each sample was mixed well and
absorbance read at 540 nm. The cell-free wells containing 100 pl of medium and 10 pl MTT
stock solution served as background controls.

Human PBMC and MDSC isolation.

Isolation of human PBMCs was performed as previously described*8. Briefly, blood was
drawn from healthy volunteers by venipuncture and centrifuged through a Percoll gradient
(Sigma-Aldrich) at 200g for 30 min at room temperature. Mononuclear cells were collected
and washed twice with PBS and 1 mM EDTA to remove platelets and residual Percoll. Cells
were suspended in RPMI1640 supplemented with 10% FBS (Gibco) and then pelleted and
re-suspended at 1 x 10° cells mI~! in HBSS. PE-conjugated anti-human B7-H4 and FITC-
conjugated anti-human CD14 (Biolegend) were added to cell suspensions at 4°C for 90 min,
then immediately transferred to a 4°C centrifuge to pellet the cells. Cells were re-suspended
in cold HBSS and maintained at 4°C. Stained cells (CD14*, B7-H4™) were placed on the
MoFlo (Beckman Coulter Life Sciences) and sorted.
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NO Measurement and NG-M-L-Arg treatment.

Cells (1 x 105) were lysed in 200 pl Cell and Tissue Lysis Buffer for Nitric Oxide Assay
(Enzo), placed on ice (5 min) and then centrifuged at 12,000¢ for 5 min at 4°C. The
supernatant fraction was collected and diluted 1:100 in Reaction Buffer. To assess NO
production, the release of nitrite and nitrate, the stable breakdown product of NO, were
analysed using a nitric oxide detection kit (Enzo). Measurements of known concentrations of
nitrite were used to generate a standard curve between 0 and 100 uM of nitrite. To deplete
cellular NO, cells were treated with 200 uM NG-Monomethyl-L-Arginine (Sigma-Aldrich).

Statistical analysis.

The variability within each group has been quantified with standard deviation and used for
statistical comparison. All images of western blotting and gPCR with reverse transcription
are representative of at least three independent experiments. Real-time PCR was performed
in triplicate and each experiment was repeated several times. No statistical method was used
to predetermine sample size. Data shown are presented as the mean + s.e.m. of three
independent experiments; differences are considered statistically significant at £< 0.05
using a Student’s ~test.

Life Sciences Reporting Summary.

Further information on experimental design is available in the Life Sciences Reporting
Summary.

Data availability.

The microarray analysis data that support the findings of this study have been deposited in
the National Center for Biotechnology Information Gene Expression Omnibus (GEO) and
are accessible through the GEO Series accession number GSE106879. All uncropped
western blot images that are presented in the main and in the supplementary figures are
available in Supplementary Fig. 16a—c. All other data that support the findings of this study
are available from the corresponding authors upon request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1]. HCMV NR-1 infection reprogrammes human CD34* HPCs to achieve latent infection.
a, NR-1 successfully established latency in HPCs. HPCs isolated from bone marrow were

infected with NR-1 or deactivated NR-1 (Mock) at a multiplicity of 2 p.f.u per cell. Virus
was reactivated by TPA (20 ng mI~1) followed by coculture with HFF-1 cells. Left, levels of
HCMYV genome and /£1 in HPCs following NR-1 or Mock infection. Middle and right
panels represent the quantitative PCR with reverse transcription result of /£ expression and
virus replication of GFP-expressing NR-1 after reactivating virus from latent infection in
HPCs (NR-1, 14 dpi), respectively. b, Levels of HCMV /E1, /E2and lytic infection-
associated genes UL54, UL 94, UL100and UL105in HPCs following the infection with
NR-1 or Mock. c, Levels of HCMV latency-associated genes UL 138, LUNA and US28in
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HPCs following the infection with NR-1 or Mock. d, Alteration of transcription profiling of
CD34* HPCs by NR-1 latent infection (14 dpi). The red-coloured molecules are upregulated
(fold change > 2) by NR-1 infection compared to Mock infection, whereas the blue-coloured
molecules are downregulated (fold change < 0.5) by NR-1 infection compared to Mock
infection. e, The activating (red-coloured) and suppressive (blue-coloured) signal pathways
in NR-1 latently infected HPCs compared to those in Mock-infected HPCs. Data are
presented as the mean + s.e.m. of three independent experiments. CTL, control; ND, not
detected; dpr, days post reactivation.
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Fig. 2 |. HCMV NR-1 infection reprogrammes human CD34* HPCs into a long-life monocyte
subset at the late stage of infection.

a, Expression of surface markers on conventional mature monocytes and HPCs infected with
NR-1 or Mock at 14 dpi. BM, bone marrow. b,c, NR-1-infected HPCs at 14 dpi displayed
delayed apoptosis (b) and increased cell viability (c) compared to mature monocytes and
Mock-infected HPCs. d, Cytokine level in mature monocytes and HPCs infected with NR-1
or Mock at 14 dpi. Data are presented as the mean + s.e.m. of three independent
experiments. *P< 0.05, **P< 0.01 as determined by the two-tailed #test (the P values are
detailed in Supplementary Table 1).
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Fig. 3]. NR-1-infected CD34* HPCs at a late stage of infection (14 dpi or later) posess a strong
immunosuppressive capacity to T-cell proliferation in a manner of Mo-MDSCs but not
granulocytic MDSCs.

a, NR-1-infected HPCs (14 dpi) suppress CD4 and CD8 T-cell proliferation induced by
ConA. The number in the top left corner of each plot represents the percentage of
proliferated cells, and the number in the top right corner represents the percentage of non-
proliferated cells. b—d, NR-1-infected HPCs expressed high levels of cellular iNOS (b) and
NO (c) but not ROS (d) compared to Mock-infected HPCs. Data are presented as the mean +
s.e.m. of three independent experiments. **~ < 0.01 as determined by the two-tailed #test
(the Pvalues are detailed in Supplementary Table 1). ND, not detected.
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Fig. 4 |. Cellular iINOS/NO induced by STAT3 activity play a critical role in suppressing HCMV
IE1 expression and viral replication in HPCs.

a,b, Levels of iNOS (a) and NO (b) in HPCs transfected with iNOS siRNA or scramble
oligonucleotide. c, Increase of HCMV /E£1 expression and genome replication in NR-1-
infected HPCs after iNOS siRNA transfection. d, Depletion of cellular NO by NG-M-L-Arg.
e, Increase of HCMV /E1 expression and genome replication in NR-1-infected HPCs after
direct depletion of cellular NO by NG-M-L-Arg. f, Lentivirus-mediated iNOS
overexpression in HL-60 cells increased intracellular NO level. g, Increase of NO level in
HL-60 cells suppressed viral /E1 activity and genome replication. h,i, Inhibition of cellular
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NO on the activity of HCMV /E1 promoter. A luciferase reporter consisting of /E1/2
promoter region was constructed in pMIR-REPORT plasmid (h) and then transfected into
HL-60 and THP-1 cells, respectively. HL-60 and THP-1 cells were treated with LV-iNOS or
LV-iNOS siRNA to overexpress or knock down iNOS, respectively, prior to NR-1 infection
at MOI of 2. Cellular luciferase activity (i) was assayed. Data are presented as the mean *
s.e.m. of three independent experiments. *£< 0.05, **P< 0.01 as determined by the two-
tailed £test (the Pvalues are detailed in Supplementary Table 1). LV, lentivirus vector.
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Fig. 5 |. Role of STAT3 signalling pathway in modulating HPC differentiation during HCMV
latent infection.
a,b, Western blot images (a) and analysis (b) the levels of STAT3, pSTAT3, STAT1 and

pSTATL in NR-1-infected HPCs. Note that NR-1 infection strongly induces STAT3 but not
STAT1 activity in HPCs. ¢, Treatment with lentivirus-mediated STAT3 siRNA or control
oligonucleotide delivery did not affect the viability of HPCs. d—g, Reduction of STAT3 and
pSTAT3 via STAT3 siRNA decreased the cellular levels of iINOS (d) and NO (e), but
enhanced /E1 expression (f) and viral replication (g) in NR-1-infected HPCs at 14 dpi. Data
are presented as the mean + s.e.m. of three independent experiments. *£< 0.05, **P< 0.01
as determined by the two-tailed ~test (the Pvalues are detailed in Supplementary Table 1).
CTL, control; ND, not detected.
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Fig. 6 |. US28-KO cannot establish latency in human CD34* HPCs because it fails to activate the
STAT3-iINOS-NO axis and reprogramme HPCs to an immunosuppressive monocyte subset.

a—c, US28-KO or Mock infection in human HPCs failed to activate STAT3 (a), or increase
cellular levels of iINOS (b) and NO (c). d,e, USZ8-KO infection failed to reprogramme
HPCs to the B7-H4*CD16* immunosuppressive monocyte subset, as indicated by negative
or low expression of B7-H4 and CD16 (d), as well as no suppression of CD4 T-cell
proliferation (e). f, USZ28KO infection failed to achieve latency in HPCs. g, Levels of viral
genome and IE1 expression in HPCs infected with US28-KO or NR-1. h, NOS
overexpression suppressed viral /£7 and genome expression in the HPCs infected with
US28-KO. i, INOS overexpression decreased the apoptotic rate of US28-KO-infected HPCs.
J.K, Depleting cellular NO by NG-M-L-Arg abolished the effect of iNOS overexpression on
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facilitating US28-KO latency. NG-M-L-Arg depleted NO in US28KO-infected HPCs that
were overexpressed with iNOS (j), leading to significant increase of HCMV /£ and
genome levels (k). Data are presented as the mean + s.e.m. of three independent
experiments. **P< 0.01, ***P < 0.001 as determined by the two-tailed #test (the P values
are detailed in Supplementary Table 1).

Nat Microbiol. Author manuscript; available in PMC 2019 May 28.



	Abstract
	Results
	HCMV latent infection differentiates HPCs into an immunosuppressive monocyte subset.
	High level of intracellular NO is key for establishing HCMV latency in progenitor cells.
	HCMV latency-induced progenitor cell reprogramming is dependent on STAT3 activity.

	Discussion
	Methods
	Reagents, cells, virus and antibodies.
	Analysis of viral RNA and DNA.
	Viral infection and reactivation.
	Microarray analysis.
	T-cell proliferation assays.
	Detection of ROS.
	Measurement of cell supernatant cytokine levels.
	Plasmid construction and transfection.
	Infection with lentivirus.
	Apoptosis analysis.
	Cell viability assay.
	Human PBMC and MDSC isolation.
	NO Measurement and NG-M-L-Arg treatment.
	Statistical analysis.
	Life Sciences Reporting Summary.
	Data availability.

	References
	Fig. 1 |
	Fig. 2 |
	Fig. 3 |
	Fig. 4 |
	Fig. 5 |
	Fig. 6 |



