
fmicb-10-02233 October 5, 2019 Time: 15:58 # 1

ORIGINAL RESEARCH
published: 09 October 2019

doi: 10.3389/fmicb.2019.02233

Edited by:
Michael Nevels,

University of St Andrews,
United Kingdom

Reviewed by:
Isao Kosugi,

Hamamatsu University School
of Medicine, Japan

Lee Fortunato,
University of Idaho, United States

Laura Hertel,
Children’s Hospital Oakland Research

Institute (CHORI), United States

*Correspondence:
Emma Poole

emmapoole2003@yahoo.co.uk
Amer A. Rana

ar332@cam.ac.uk
John Sinclair

js152@cam.ac.uk

Specialty section:
This article was submitted to

Virology,
a section of the journal

Frontiers in Microbiology

Received: 26 April 2019
Accepted: 11 September 2019

Published: 09 October 2019

Citation:
Poole E, Huang CJZ, Forbester J,

Shnayder M, Nachshon A, Kweider B,
Basaj A, Smith D, Jackson SE, Liu B,

Shih J, Kiskin FN, Roche K, Murphy E,
Wills MR, Morrell NW, Dougan G,

Stern-Ginossar N, Rana AA and
Sinclair J (2019) An iPSC-Derived
Myeloid Lineage Model of Herpes

Virus Latency and Reactivation.
Front. Microbiol. 10:2233.

doi: 10.3389/fmicb.2019.02233

An iPSC-Derived Myeloid Lineage
Model of Herpes Virus Latency and
Reactivation
Emma Poole1* , Christopher J. Z. Huang1, Jessica Forbester2, Miri Shnayder3,
Aharon Nachshon3, Baraa Kweider1, Anna Basaj1, Daniel Smith1,
Sarah Elizabeth Jackson1, Bin Liu1, Joy Shih1, Fedir N. Kiskin1, K. Roche4, E. Murphy4,
Mark R. Wills1, Nicholas W. Morrell1, Gordon Dougan1,5, Noam Stern-Ginossar3,
Amer A. Rana1* and John Sinclair1*

1 Department of Medicine, University of Cambridge, Cambridge, United Kingdom, 2 Division of Infection and Immunity,
School of Medicine, Cardiff University, Cardiff, United Kingdom, 3 Department of Molecular Genetics, Weizmann Institute
of Science, Rehovot, Israel, 4 Cleveland Clinic, Lerner Research Institute, Cleveland, OH, United States, 5 Wellcome Trust
Sanger Institute, Hinxton, United Kingdom

Herpesviruses undergo life-long latent infection which can be life-threatening in the
immunocompromised. Models of latency and reactivation of human cytomegalovirus
(HCMV) include primary myeloid cells, cells known to be important for HCMV latent
carriage and reactivation in vivo. However, primary cells are limited in availability, and
difficult to culture and to genetically modify; all of which have hampered our ability to
fully understand virus/host interactions of this persistent human pathogen. We have now
used iPSCs to develop a model cell system to study HCMV latency and reactivation in
different cell types after their differentiation down the myeloid lineage. Our results show
that iPSCs can effectively mimic HCMV latency/reactivation in primary myeloid cells,
allowing molecular interrogations of the viral latent/lytic switch. This model may also be
suitable for analysis of other viruses, such as HIV and Zika, which also infect cells of the
myeloid lineage.

Keywords: human cytomegalovirus, latency, induced pluripotent stem cells, C2-iPSCs, viral carriage, myeloid,
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INTRODUCTION

Herpesviruses are large dsDNA viruses which persist in the infected host for its lifetime. Like
all herpesviruses, after primary infection, human cytomegalovirus (HCMV), which is the largest
member of the human herpesviruses, is never cleared but persists in its human host with up to
100% of individuals persistently carrying the virus in some populations. As with all herpesviruses,
HCMV’s life-long persistence is known to be underpinned by the ability of the virus to undergo a
latent infection; this is defined as carriage of the virus in the absence of lytic viral DNA replication
or virus production and, in part, helps the virus to persist for the lifetime of the host by escaping
immune detection. This ability of HCMV to co-exist with its human host so successfully has also
made it a paradigm for analysis of host–pathogen interactions, particularly pathogen immune
evasion strategies.
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Primary infection or reactivation of HCMV from latency
is a major cause of life-threatening disease in virus carriers
whose immune systems are compromised or immature (such
as HIV/AIDS patients, transplant patients, or the fetus in
utero) (Sissons et al., 1991). Currently, there is no vaccine
against HCMV and no current anti-virals target the latent
phase of infection.

In vivo, one site of HCMV latent carriage is in CD34+/CD14+
cells of the myeloid lineage. However, differentiation of these cells
into dendritic cells (DCs) or macrophages supports reactivation
of latent virus. Although primary myeloid cells have been used
successfully for the analysis of HCMV latency and reactivation,
they can be difficult to obtain and are also difficult to genetically
modify which has put substantial limitations on their use. The
use of established myeloid cell lines, such as the CD14 + THP1
(Beisser et al., 2001) or CD34 + Kasumi3 (Albright and
Kalejta, 2013) cells, has allowed some analysis of HCMV
latency and reactivation. However, such cells do not mimic
every aspect of HCMV latency when compared to primary
cells (Albright and Kalejta, 2013) and these progenitor-like or
monocyte-like established cell lines are not fully akin to primary
CD34+ or CD14+ cells, and unlike primary cells, are also
continuously dividing.

In contrast to primary cells or cell line models, induced
pluripotent stem cells (iPSCs) are easily obtained from any
individual and capable of differentiation into multiple cell types,
including myeloid cells with often identical functions to their
primary cell type equivalent (Geti et al., 2012; Ormiston et al.,
2015; Sachamitr et al., 2017; Kumar et al., 2018). It has been
shown that iPSCs and ES cells are non-permissive for HCMV
infection (D’Aiuto et al., 2012; Penkert and Kalejta, 2013; Berger
et al., 2015; Cosset et al., 2015; Brown et al., 2019) and that
following differentiation of ES or iPSCs to more differentiated
cell types prior to infection can result in a permissive infection
or that virus can be reactivated from iPSCs by inducing
differentiation of the cells into more differentiated cell types
(D’Aiuto et al., 2012; Bigley et al., 2013; Nakamura et al., 2013;
Penkert and Kalejta, 2013; Belzile et al., 2014; Berger et al., 2015;
Cosset et al., 2015; Rolland et al., 2016). Indeed, such models
have been used to study HCMV latency and reactivation (Lee
et al., 2015, 2016). However, no study has demonstrated that
iPSCs can support HCMV latency nor, importantly, model the
transition from HCMV latency to reactivation in the disease
relevant myeloid lineage. The ability to generate iPSCs from
any defined patient genotypes, and their ability to be easily
genetically manipulated by technologies such as CRISPR/Cas9,
would make an iPSC-derived model of differentiation-dependent
HCMV latency and reactivation a powerful tool; allowing a more
thorough understanding of how host-specific differentiation-
dependent factors control virus latency and reactivation in
disease relevant cell types. It could also be a powerful tool to
investigate other viruses such as HIV-1 (Maslin et al., 2005) and
Zika (Lum et al., 2018) in which the myeloid lineage also plays a
major role in virus life cycle.

Here we show that cells derived from a specific iPSC line
represent a cell model which can faithfully mimic myeloid
differentiation-dependent latency and reactivation of HCMV and

can be used to interrogate molecular aspects of HCMV latent
carriage and reactivation from latency.

RESULTS AND DISCUSSION

A single previous analysis has suggested that H9 embryonic
stem cells (H9s) can be latently infected with HCMV and
reactivated by their differentiation to parietal endoderm by 12-O-
tetradecanoylphorbol-13-acetate (TPA) treatment (Penkert and
Kalejta, 2013). This model has been used for study of viral
UL138 and its role during HCMV latency (Lee et al., 2015,
2016). However, this study did not analyze the carriage of HCMV
after differentiation of these cells along the biologically relevant
myeloid lineage and still has the inherent disadvantage that,
while there are many different ESCs commercially available, using
such cells generates political and ethical debate. Additionally,
H9 cells cannot be generated from different genotypes in the
laboratory. Nevertheless, we used this cell line alongside Kolf2
iPSCs and their myeloid derivatives (Sachamitr et al., 2017;
Yeung et al., 2017) as well as C2 iPSCs and their myeloid
derivatives (Geti et al., 2012) to compare the suitability of these
stem cell lines for studies of HCMV latency and reactivation,
particularly in the myeloid lineage. We, firstly, analyzed their
side-by-side infection with SV40GFP-tagged HCMV (which is
expressed in both latently and lytically infected/reactivated cells
(Krishna et al., 2016; Shnayder et al., 2018) and IE2-YFP-tagged
HCMV (which is only expressed in lytically infected cells). In
our hands, approximately 1% of H9 cells expressed GFP after
infection with SV40GFP-tagged HCMV. A similar proportion
of cells also expressed IE2YFP after infection with IE2-YFP-
tagged HCMV at 4 days post infection, which is indicative
of a lytic infection (Figures 1A,B) and inconsistent with the
previous report (Penkert and Kalejta, 2013). The reasons for
this discrepancy are, at present, unclear to us. One possibility
is that these cells had lost their pluripotency which we ruled
out as all H9 cells in our study stained positive for Oct4 and
Nanog pluripotency markers (Supplementary Figures S1E,F),
suggesting this is not due to their partial differentiation. Another
possibility is that in the previous report the cells were cultured in
different media (Penkert and Kalejta, 2013) which may, perhaps,
contain cytokines from conditioned media which the H9 cells
are sensitive to. In contrast to H9 cells, Kolf2 iPSCs did not
support expression of IE2YFP, suggesting that a latent infection
had been established (Figure 1A). In order to confirm that the
GFP positive population of cells after infection with SV40GFP-
tagged HCMV were truly latent, we also carried out an analysis of
viral gene expression by RT-qPCR. This confirmed that infected
Kolf2 iPSCs showed detectable levels of expression of the latency-
associated gene, UL138, in the relative absence of viral lytic
immediate early (IE) gene expression – all indicative of latently
infected cells (Figure 1B). In contrast, GFP positive H9 cells,
after infection with SV40GFP-tagged HCMV, showed a clear
lytic transcription profile with easily detectable levels of IE RNA,
akin to a lytic infection, at 4 days post infection (Figure 1B)
and also expressed lytic IE2YFP upon infection with IE2-YFP-
tagged virus (Figure 1A). On the basis that Kolf2 iPSCs appeared
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FIGURE 1 | C2 and Kolf2 cells can support a latent infection but only C2 cells maintain latent carriage down the myeloid lineage and can support viral reactivation.
Kolf2 and H9 were infected with either TB40E-SV40GFP (MOI 5) (which results in GFP expression in both lytically and latently infected cells) or TB40E-IE2YFP (MOI 5)
(which results in GFP expression only in lytically infected cells) and analyzed by fluorescence microscopy at 4 days post infection (brightfield and fluorescence images
are shown) (A) or RT-qPCR of the SV40GFP (MOI 5) infected cells (B). Additionally, after differentiation to EBs, monocytes derived from Kolf2 cells were infected with

(Continued)
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FIGURE 1 | Continued
TB40E-IE2YFP virus (MOI 5) (C, left panel) and supernatants were transferred after 8 days to fibroblasts and analyzed by IF 6 days later (C, right panel). C2 iPSCs
were also infected with TB40E-SV40GFP (MOI 5) or TB40E-IE2-YFP (MOI 5) and analyzed by fluorescent microscopy (D) or RNA qPCR (E). After differentiation to
EBs, the derivative C2 iPSC-derived monocytes (C2 DMs) were infected with TB40E-IE2YFP (MOI 5) virus (F, left hand panels) and these cells were subsequently
differentiated to C2 DCs for 8 days (F, right hand panels) and examined for GFP fluorescence directly or co-cultured on indicator fibroblasts as indicated.
Alternatively, latently infected C2 DMs were analyzed directly by RT-qPCR (G, left panel) or after their differentiation to C2 DCs (G, right panel). Latently infected
venous monocytes were similarly analyzed directly by RT-qPCR (H, left panel) or after their further differentiation to DCs (H, right panel). Supernatants from C2 DMs
or venous monocytes that had been latently infected with TB40E-SV40GFP (MOI 5) were also analyzed for cellular IL-10 induction by ELISA (I). C2 cells were
infected with TB40E-IE2YFP (MOI 5) and then supernatants transferred to fibroblasts at the different stages of myeloid differentiation as indicated. Venous
monocytes latently infected with TB40E-IE2YFP (MOI 5) were also differentiated for 8 days to DCs (venous DCs) before transferring supernatants to fibroblasts and
foci of infection (indicating reactivation) were enumerated 6 days post-transfer (J). Finally, C2 DMs and venous monocytes (venous) were infected with HCMV (MOI 5)
for 4 days before differentiating into DCs and transferring supernatants onto fibroblasts for up to 12 days. Supernatants from these were then used to inoculate fresh
fibroblasts to assay virus release (K). Standard error bars are shown and significance determined using Student’s t-test where ∗p-value < 0.05. In
photomicrographs, the bar represents 50 µm. Finally, undifferentiated C2 iPSC cells as well as C2 DMs were latently infected with HCMV for 5 days before sorting
and analyzing by single cell RNAseq. The average number of reads from 130 latent C2 and 32 latent C2 DMs were averaged and each viral product with a read over
0.05 was enumerated and presented in as a Venn diagram and genes common to latency in both cell types are listed (L). The full dataset is shown in
Supplementary Figure 3E. The list of genes common to latency in both cells types are listed.

to be latently infected (viral genome positive as assessed by
SV40GFP expression but independently negative for IE2YFP
expression), we wanted to confirm that infection of the Kolf2
iPSC-derived monocyte-like myeloid cells (Kolf2 DMs), which
were cultured identically to the C2-derived myeloid cells (C2
DMs), also resulted in latent infection, as is routinely the case
for myeloid precursors ex vivo (Sinclair and Poole, 2014). In
contrast to peripheral blood monocytes (Krishna et al., 2016) or
monocytes derived from primary CD34+ progenitors (Reeves
et al., 2005b), Kolf2 DMs, instead, underwent a lytic infection
as determined by expression of IE2 after infection with IE2YFP-
tagged virus (Figure 1C, left panel) and release of infectious virus
which was detectable on indicator fibroblasts when supernatants
were transferred 8 days post infection (Figure 1C, right panel).
For this reason, Kolf2 iPSC cells do not appear to model myeloid
differentiation-dependent HCMV latency and reactivation.

Consequently, we next examined whether C2 iPSCs and
their myeloid derivatives (Geti et al., 2012; Kiskin et al., 2018)
were a suitable model for latent carriage and reactivation of
HCMV. A feeder-dependant version of the C2 iPSC line has
been previously published (Kiskin et al., 2018), however, to
make our experiments with this line more comparable to
the feeder-free H9 and Kolf2 iPSC lines used in this study,
we used C2 iPSCs that have been adapted to grow feeder-
free and from single cells. As such, it was important to
validate that this adapted C2 iPSC line exhibited pluripotency
and that it could be differentiated into myeloid-like cells
that are comparable to primary venous monocytes and DCs.
We found that C2 iPSCs could differentiate into all three
germ layers (Supplementary Figures S1A–D) expressed the
pluripotency markers OCT4, NANOG, TRA-1-60, and TRA-1-
81 (Supplementary Figure S1D). We also found that C2 iPSCs,
as well as Kolf2 iPSCs, were able to differentiate into monocyte
myeloid cells (C2 DMs) and then, following cytokine-mediated
induction, expressed low levels of the DC-associated markers
tested (with the possible exception of HLA-DR which had
higher levels of expression, as observed with DCs derived from
venous monocytes) (Supplementary Figures S2A–C). Therefore,
while these cells were not equivalent to venous DCs in terms
of marker expression, they did resemble venous DCs and

were termed “C2 DCs” here and throughout the manuscript
(Supplementary Figures S2A,B).

Furthermore, analysis of cells based on single cell RNAseq
using t-distributed stochastic neighbor embedding (t-SNE)
showed that C2 DMs clustered with venous monocytes
as a population quite distinct from their C2 iPSCs parent
cells. This confirmed that C2 iPSCs differentiate into cells
that are transcriptionally similar to venous monocytes
(Supplementary Figure S2D).

Following infection of C2 iPSCs with IE2-YFP-tagged HCMV,
no lytic IE2 antigen was detected even though these cells
were GFP positive when infected with SV40GFP-tagged virus,
consistent with a latent phenotype which was maintained while
the cells were cultured as iPSCs in monolayers (Figure 1D).
RNA analysis of these latently infected C2 iPSCs also confirmed
their latent infection with detectable expression of the latency
associated UL138 viral gene in the relative absence of IE
gene expression (Figure 1E). Furthermore, infected C2 DMs
were also latently infected and only produced virus after their
differentiation into C2 DCs as determined by co-culture on
fully permissive indicator fibroblasts (Figure 1F). Similarly, RNA
analysis of TB40E-SV40GFP infected C2 DMs and C2 DCs also
confirmed a latent transcription or lytic transcription profile,
respectively (Figure 1G), and this fully mimicked the latent
and lytic transcription profile routinely observed in venous
monocytes (Reeves et al., 2005a; Figure 1H) or the DCs derived
from them, respectively (Figure 1H). Therefore, while the
C2 DM cell surface marker expression levels differed slightly
from that of venous monocytes, these cells were phenotypically
and functionally a suitable model for the support of HCMV
lytic infection.

We, additionally, confirmed latent infection of these C2 DMs
cells by using a novel red/green, recombinant dual-tagged virus
expressing mCherry from the SV40 promoter (which would
mark both latently and lytically infected cells) and GFP from
an IE2-2A-GFP fusion protein (which will only mark lytically
infected cells). When either C2 iPSCs or venous monocytes were
infected with this virus, only red cells were detectable, consistent
with a latent infection. However, if the cells were differentiated
using PMA prior to infection, cells appeared both red and green
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(Supplementary Figure S2E), consistent with a lytic phenotype.
Taken together, these analyses confirmed that C2 DMs support
a true latent infection since, in addition to expressing the latent
transcript UL138 in the absence of the lytic IE transcript, they
also showed no infectious virion production.

To further characterize the latent infection of these cells, both
venous monocytes and C2 DMs were tested for their ability to
induce cellular IL10 (cIL10) upon infection, which is routinely
observed upon latent infection of myeloid cells with HCMV
(Avdic et al., 2016). Figure 1I shows that both venous monocytes
and C2 DMs induce cIL10 upon HCMV infection at 4 days post
infection. Finally, when TB40E-SV40GFP latently infected C2
DMs were differentiated to C2 DCs, they also showed a similar
reactivation phenotype to latently infected venous monocytes
differentiated to DCs as determined by foci of infection following
8 days of differentiation (Figure 1J) and also showed similar levels
of virus release to reactivated venous monocyte derived DCs
after supernatants transfer onto indicator fibroblasts (Figure 1K).
A hint as to why C2 DMs and Kolf2 DMs show such a different
phenotype with respect to their permissiveness for HCMV
lytic infection comes from an analysis of their differentiation
markers (Supplementary Figures S2B,C). Both C2 and Kolf2
DMs showed the characteristic increase in levels of expression of
HLA-DR following terminal differentiation, however, they were
not consistent in their levels of expression of other differentiation
markers. Previous analyses of myeloid cells differentiated from
fibroblast-derived iPSCs (Sachamitr et al., 2017) showed that
Kolf2 DMs expressed high levels of CD209 (Sachamitr et al.,
2017), consistent with an immature DC phenotype (Neumann
et al., 2008) and this was also observed in this analysis
(Supplementary Figure S2C). In contrast, C2 DMs expressed
CD14 but without CD209, reminiscent of markers observed
on intermediate monocytes (Hijdra et al., 2013; Wildgruber
et al., 2016; Boyette et al., 2017; Supplementary Figures S2A,B).
We think it likely that this difference in permissiveness for
HCMV lytic infection between C2 DMs and Kolf2 DMs is due
to the less differentiated phenotype of C2 DMs (akin to an
intermediate monocyte) compared to the more differentiated
immature DC-like phenotype of Kolf2 DMs, especially as
immature DCs isolated directly from peripheral blood are known
to be permissive for HCMV lytic IE expression after infection
ex vivo (Hertel et al., 2003). It is also possible that there is some
form of differential epigenetic memory in fibroblast-derived
iPSCs compared to endothelial-derived iPSCs due to the very
nature of their origin (Kim et al., 2010).

Given that different cell types within the myeloid lineage can
maintain a latent HCMV infection, we further interrogated the
C2 iPSC model to compare the state of latent infection in C2
cells at different stages down the myeloid lineage. To do this,
we sorted on the basis of GFP expression for undifferentiated
C2 iPSCs and C2 DMs which had been latently infected with
TB40E-SV40GFP virus for 5 days. These cells were then analyzed
by single cell RNAseq analysis and their extent of latency-
associated viral transcription was compared. Firstly, it was clear
that latent viral gene expression was more restricted in C2
iPSCs compared to their latently infected derived monocytes with
transcription of some 21 viral genes detectable in latently infected

C2 iPSCs (Figure 1L). Twenty-one viral genes were detectable
in latently infected C2 iPSCs, and all were shared with latently
infected monocytes, which also expressed an additional 64 genes
(Figure 1L). These data are consistent with previous reports on
venous monocytes (Shnayder et al., 2018) where during latency
there appears to be a transcription program akin to a late lytic
gene expression profile but with low levels of IE gene expression
and no production of infectious virus. Here, we show that the
viral genes which were expressed in both C2 iPSCs and their
derivative C2 DMs include the same viral gene spectrum as
those previously shown to be expressed in venous monocytes
(Shnayder et al., 2018).

On the basis that, upon infection, C2 iPSC cells or C2 DMs
both supported a latent infection, we wanted to determine if
latently infected C2 iPSCs could maintain this latent infection as
they were differentiated firstly to EBs and, then, into monocytes
and whether latent virus could subsequently be reactivated from
these EB-derived monocytes after their terminal differentiation
into DCs. Thus, C2 iPSCs were infected in suspension with
SV40GFP-tagged HCMV (to allow visualization of latently
infected cells) or IE2-YFP-tagged HCMV (to detect lytically
infected cells), before adherence onto plastic in pluripotency
media. Following the establishment of latency for 4 days, cells
were transferred to low adherence plates to allow EB formation.
EBs were, subsequently, differentiated along the myeloid lineage
until such time as myeloid precursor cells expressing monocyte
markers (Supplementary Figures S2A,B) were released from
the EBs as suspension cells (Silk et al., 2011); in contrast,
macrophages adhered to the plastic (Supplementary Figure S2;
Silk et al., 2011). The C2 DMs were then separated from the
EBs by filtration and seeded onto plastic as described previously
(Silk et al., 2011). It was possible, at this point, to detect
SV40GFP-tagged virus in monocytes but only at extremely low
frequency (∼1 in 1 × 106). Nevertheless, consistent with latent
carriage of virus in these cells, C2 iPSCs infected with IE2-YFP-
tagged virus showed no IE2-YFP expression neither did EBs nor
monocytes derived from them (representative fields of view are
shown in Figure 2A).

While infected C2 iPSCs and their derivative C2 DMs
appeared to be carrying latent virus, a critical test was to
confirm that these cells were not producing infectious virus
but, importantly, that infectious virus could be reactivated from
them after differentiation to C2 DCs. Consequently, we also co-
cultured C2 DMs and their C2 DC derivatives generated from
EBs derived from infected C2 iPSCs on indicator fibroblasts.
Figure 2B clearly showed that, while C2 DMs showed no
evidence of release of infectious virus, their differentiation to
C2 DCs resulted in clear infectious virus reactivation. Finally,
as a further control for the SV40 promoter as an indicator of
latency, the C2 DMs were also infected with a TB40E virus which
expresses mCherry from the GATA2 promoter (a known myeloid
transcription factor). No virions were produced, as assayed by
co-cultured on fibroblasts, from C2 DMs infected with any of
the viruses unless the C2 DMs were subsequently terminally
differentiated into C2 DCs (Supplementary Figures S3A,B). It
is worth noting that levels of GATA2, itself, were quite similar in
venous monocytes and in C2 DMs (Supplementary Figure S3C)
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FIGURE 2 | C2 iPSCs infected with HCMV can support HCMV latency and reactivation and can be enriched by FACS sorting of GFP-positive cells. C2 iPSC cells
were infected with HCMV viruses TB40E-SV40GFP (MOI 5) (latent GFP) or TB40E-IE2YFP (MOI 5) (lytic GFP) in C2 iPSCs for 4 days in which a latent infection was
supported. Cells were then differentiated into embryoid bodies and through to C2 DMs which, after adherence, were further differentiated to C2 DCs, bar represents
5 µm, fluorescence and brightfield images are shown (A). C2 DMs and C2 DCs from these cultures were also assessed for their release of infectious virus by
co-culture on indicator fibroblasts, bar represents 5 µm, fluorescence and brightfield images are shown (B). Alternatively, iPSCs infected with TB40E-SV40GFP (MOI
5) (latent GFP) were sorted for GFP and differentiated along the myeloid lineage to EBs and monocytes and assessed for GFP expression, bar represents 50 µm (C).
To determine whether these cells were producing infectious virus, the monocytes (C2 DMs) were co-cultured with indicator fibroblasts directly (D) or after their further
differentiation to DCs (E), bar represents 50 µm. Quantification of release of infectious virus for sorted latently infected C2 iPSCs and their derived EBs, C2 DMs, and
C2 DCs are also shown where an average from 10 wells of a 6-well plate were counted and SD shown (F).

and, as expected mCherry expression, driven by GATA2 in the
GATA2-mCherry virus infected C2 DMs was clearly detectable.
Similarly, GFP was found to be expressed in C2 DMs cells
infected with SV40GFP virus whereas C2 DMs infected with
TB40E-IE2YFP showed no IE2YFP expression. Additionally, full
RNAseq analysis of viral transcripts showed that the same range
of latency associated transcripts was found as previously observed
for venous monocytes (Shnayder et al., 2018; Supplementary
Figures 3D,E and Supplementary Methods).

Taken together, these analyses showed that infected C2
iPSCs are able to carry latent virus through EB differentiation

to monocytes, which can then be reactivated upon terminal
differentiation of these monocytes to DCs. Although this culture
system provided a reliable model to interrogate the processes
of virally latency and reactivation, the frequency of latently
infected monocytes released from EBs (Figure 2A) and recovery
of infectious virus from reactivating DCs (Figure 2B) were both
severely limited by the low initial proportion of latently infected
C2 iPSCs (∼1%). Consequently, we modified the protocol to
include GFP sorting of the C2 iPSCs latently infected with
SV40GFP-tagged virus prior to EB formation to enrich for
latently infected cells. Figure 2C shows that this resulted in
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easily discernible GFP positive cells within the EBs, which were
then released at much higher frequency into the monocyte
population. To confirm that no infectious virus was being
produced from these likely latently infected monocytes, and
that they could be differentiated to DCs to induce reactivation,
we co-cultured these C2 DMs and their derived C2 DCs on
indicator fibroblasts. Figure 2D shows that C2 DMs generated
from GFP sorted C2 iPSCs infected with SV40GFP-tagged virus
were indeed latent and did not produce infectious virus. In
contrast, C2 DCs derived from these C2 DMs after differentiation
resulted in clearly discernible reactivation of infectious virions
(Figures 2E,F). Thus, GFP-sorted C2 iPSCs carry latent HCMV
and are able to form EBs to give rise to C2 DMs which
maintain this latent infection but which are then able to reactivate
infectious virus production after their terminal differentiation to
C2 DCs at approximately 100-fold higher rates than unsorted
cells (Figure 2F). This makes them particularly suitable for
following latency and reactivation along the myeloid lineage,
which is also known to occur in vivo (Hahn et al., 1998; Reeves
et al., 2005b; Sinclair and Poole, 2014).

Our view is that these C2 iPSCs, which could be easily
manipulated by current gene editing technologies (Gonzalez,
2016; Kiskin et al., 2018), will be an invaluable resource
to study cellular and viral factors required for establishment
and maintenance of latent HCMV infection as well as virus
reactivation. Indeed, CRISPR/Cas9 editing of iPSCs has already
been successfully used to study HIV-1 in macrophages (Taylor
et al., 2018). While the process of CRISPR/Cas9 editing should
not in itself affect the ability of cells to support latency, to
control for any such non-specific effect, C2 iPSC cells which
had been CRISPR/Cas9 edited (Kiskin et al., 2018) were tested
for the ability to support latency and to reactivate. Figure 3
shows that CRISPR-/Cas9-edited C2 iPSCs do indeed retain the
ability to support latency (based on the absence of GFP+ cells
after infection with TB40E-IE2GFP, Figure 3A) and reactivate
infectious virus when differentiated using PMA, a known inducer
of HCMV reactivation in many cell types (Delannoy et al., 1997;
Penkert and Kalejta, 2013) (based on the presence of GFP+
cells after infection with TB40E-IE2GFP, Figure 3B). Again, the
ability of these cells to support latency and reactivation was
validated by their inability or ability to produce infectious virions
(Figure 3C, infectious virions are produced from iPSCs treated
with PMA when infected with TB40E-SV40GFP or TB40E-
IE2GFP). Furthermore, Figures 3A–C also show that C2 DM
cells differentiated from latently infected, CRISPR-edited iPSCs,
can support latency and reactivation. Thus, these iPSCs can
be successfully manipulated using CRISPR without losing the
ability to support HCMV latency and reactivate virus after their
differentiation to DC-like cells.

As another proof of principle, we also used shRNA lentiviral
transduction, which has been successfully used previously to
knock down genes in iPSCs (Kamata et al., 2010) to target the
cIL10 gene on the basis that cIL10 expression has previously been
shown to be important for maintenance of latent viral genome
carriage in primary myeloid cells (Mason et al., 2012; Poole et al.,
2014a; Avdic et al., 2016). Figure 3D shows that lentiviral delivery
of shRNAs to cIL10 in C2 iPSCs decreased cIL10 expression

and this had a negative impact on the maintenance of latent
viral genomes (compare left-hand panel to the right-hand panel
in Figure 3E) as well as reactivation of infectious virus after
differentiation of these latently infected C2 iPSCs (Figure 3F).
The effects were not due to shRNA transduction as when the
same experiment was carried out with C2 cells that had been
transduced with lentiviral particles encoding shRNA to the beta-
2 microglobulin (B2M) gene, there was no effect on the ability
of the cells to maintain the viral genome (Figures 3D–F). The
successful differentiation of these cells along the myeloid lineage
also makes them ideal candidates for the study of other viruses,
which can also infect myeloid lineage cells, such as HIV-1 and
Zika. Furthermore, since these cells are pluripotent, and can
potentially differentiate along multiple lineages, they could also
be used to address the ongoing question of other potential sites of
HCMV latency besides the myeloid lineage (Sinclair and Poole,
2014) or for the study of latency and reactivation of other viruses
which are also cell differentiation dependent.

MATERIALS AND METHODS

Cells
The healthy control human iPSC (hiPSC) line Kolf2 (fibroblast
derived) was acquired through the human iPSCs Initiative
Consortium (HipSci1). H9 and Kolf2 cells and differentiation
along the myeloid lineage has been described previously
(Silk et al., 2011).

In brief, H9 cells (WiCell) were cultured as previously
described (Vallier et al., 2004). Cells were cultured on gelatin
in KSR medium made with advanced DMEM/F12 (Gibco) and
supplemented with 20% knock-out serum replacement (Gibco),
L-glutamine 200 nM (Gibco), activin (4 ng/ml), and FGF2
(10 ng/ml). The iPSCs were adapted to feeder-free culture
as follows: C2 iPSCs were originally cultured as colonies on
MF1 mouse embryonic fibroblasts (MEFs) (250,000 per well
of a six-well plate) in KSR [advanced DMEM/F12 (Gibco)
and supplemented with 20% knock-out serum replacement
(Gibco), L-glutamine 200 nM (Gibco), activin (4 ng/ml), and
FGF2 (10 ng/ml)]. Colonies were detached using collagenase
IV + dispase II enzyme mix, which was washed out using
serial dilution, and then passaged by trituration. For Week
1, iPSCs were transferred onto 187,500 MEFs per well of a
six-well plate, and fed with 75% KSR medium + 25% MEF-
conditioned chemically defined medium (CDM)-bovine serum
albumin (BSA) medium + 12.5 ng/ml FGF2 + 10 ng/ml activin
A+ 50 µg/ml ascorbic acid. After 1 week, colonies were passaged
using collagenase IV + dispase II enzyme mix and trituration.
For Week 2, hiPSCs were transferred onto 125,000 MEFs per well
of a six-well plate, and fed with 50% KSR medium + 50% MEF-
conditioned CDM-BSA medium + 15 ng/ml FGF2 + 10 ng/ml
activin A + 50 µg/ml ascorbic acid. After 1 week, colonies were
passaged using collagenase IV + dispase II enzyme mix and
trituration. For Week 3, hiPSCs were transferred onto 62,000
MEFs per well of a six-well plate, and fed with 50% KSR

1www.hipsci.org
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FIGURE 3 | C2 iPSCs retain the ability to support HCMV latency and reactivate virus after CRISPR/Cas9 editing and removal of cellular IL10 by lentiviral shRNA
decreases HCMV maintenance and reactivation. C2 iPSCs or C2 iPSCs which have been mutated using CRISP-R directed gene editing (BMPR2 ± C2 iPSCs or
derived monocytes) were restored for WT BMP2 levels using 50 ng/ml BMP4 (BioTechne) before infecting with either TB40E-SV40GFP (MOI 5) or TB40E-IE2YFP
(MOI 5) and during which time latency is supported for 4 days (A) before differentiating to induce reactivation (B). Supernatants were collected and virion production
was assessed by transferring to fibroblasts (C). C2 iPSCs were also lentivirally transduced with lentiviral vectors delivering shIL10 or shB2M to cells. Following
establishment of the C2 shIL10 and B2M knockout cell line, cells were differentiated into C2 DMs and validated by RTqPCR alongside WT C2 DMs (D). WT C2 DM,
B2M C2 DM, and shIL10 C2 DM cells were then latently infected with TB40E-GATA2-mCherry strain of HCMV (MOI 5) and analyzed by immunofluorescence 6 days
later for the presence of the mCherry marker and fields of view were enumerated (E). The release of virus was assessed following differentiation of the C2 DMs into
C2 DCs and analyzing the formation of foci of infection with fibroblasts (F).
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medium + 25% MEF-conditioned CDM-BSA medium + 25%
CDM-BSA medium + 20 ng/ml FGF2 + 10 ng/ml activin
A+ 50 µg/ml ascorbic acid. After 1 week, colonies were passaged
using collagenase IV + dispase II enzyme mix and trituration.
For Week 3, hiPSCs were transferred onto gelatin-coated plates
with no MEF feeder cells, and fed with 50% KSR medium+ 50%
CDM-BSA medium + 20 ng/ml FGF2 + 10 ng/ml activin
A + 50 µg/ml ascorbic acid (“BK medium”). After 1 week,
colonies were passaged using collagenase IV + dispase II
enzyme mix, and then made into single cells using TrypLE
Select + 2 mM EDTA. Cells were laid down as single cells
into gelatin-coated plates with no MEF feeder cells, and then
maintained as such [passaging using TrypLE Select + 2 mM
EDTA, and fed using 50% KSR medium + 50% CDM-BSA
medium+ 20 ng/ml FGF2+ 10 ng/ml activin A (“BK” medium)]
for use in experiments. CDM was prepared as previously
described (Johansson and Wiles, 1995) and supplemented with
BSA. Briefly, CDM-BSA was made by making a 1:1 ratio of
IMDM:Ham’s F-12 Nutrient Mixture and adding GlutaMAX-
I (Gibco), 0.5% BSA, 1% chemically defined lipid concentrate
(100×) (Gibco), 1% antibiotic-antimycotic (100×), Gibco 15240-
062, Transferrin (15 µg/ml, Sigma), rh-insulin (7 µg/ml, Sigma),
and 1-thioglycerol, 450 µM final concentration (Sigma). C2
iPSC feeder-free medium comprised 1:1 ratio of CDM-BSA:KSR
(without activin and FGF2), supplemented with 12.5 ng/ml
activin A, 15 µl/ml FGF2, and Vitamin C.

Kolf2 or C2 iPSCs, grown feeder free, were removed from
the plastic using ReLeSR medium (Stem Cell Technologies) (C2
cells could also be removed from plastic using trypsin) in the
presence of Rock Inhibitor (Stem Cell Technologies). Cells were
seeded at 3 × 106 cells per well of a six-well plate in iPSC 4 ml
media supplemented with 50 ng/ml bone morphogenic protein 4
(BMP4) (BioTechne), 50 ng/ml VEGF (Peprotech), 20 ng/ml SCF
(Bio Techne), and 50 ng/ml GM-CSF (Peprotech). On day 2, 2 ml
X-Vivo-15 medium (Lonza) supplemented with 1 mM sodium
pyruvate (Life Technologies), 0.1 mM MEM non-essential amino
acids (Gibco), 2 mM L-glutamine, 5 µM 2-mercaptoethanol, and
growth factors BMP4, VEGF, SCF, and GM-CSF was added to
each well. Then 2 ml of media was replaced each 2–3 days using
X-Vivo-15 supplemented with VEGF, SCF, and GM-CSF until
day 12. After day 12, media was replaced every 2–3 days using
X-vivo-15 supplemented with SCF and GM-CSF. On day 19
2 ml of media was replaced with X-vivo-15 supplemented with
GM-CSF only. On day 23 the media plus embryoid bodies were
filtered with a 70 µM strainer to allow isolation of the single cells
(monocytes). The monocytes were then washed in PBS (without
magnesium or calcium) and then plated at 1.5 × 106 per well
of a six-well cell bind plate in a volume of 4 ml of X-Vivo-
15. These cells were then ready for virus infection or terminal
differentiation into DCs.

Isolation of primary monocytes from venous blood has also
been described (Mason et al., 2012; Sachamitr et al., 2017).

Late outgrowth endothelial progenitor cells (L-EPCs) were de-
differentiated to C2 cells as described previously (Geti et al., 2012;
Ormiston et al., 2015). C2 cell re-differentiation to embryoid
bodies and monocytes were essentially as described for Kolf2 cells
(Silk et al., 2011; Sachamitr et al., 2017).

Co-culture of cells on indicator fibroblasts to assess virus
production has been described previously (Poole et al., 2014b).

Viruses
TB40E-SV40GFP (expressing GFP under the control of the SV40
promoter and therefore detectable during latent infection) has the
GFP gene inserted between the US34 and TRS1 genes of TB40E.
TB40E-IE2YFP (expressing the lytic gene, IE, fused to YFP and
detectable during a lytic infection) and TB40E-SV40mCherry has
been described previously (Straschewski et al., 2010; O’Connor
and Murphy, 2012; Krishna et al., 2017). Dual-tagged virus
expressing IE2-GFP separated by the T2A self-cleaving peptide
with an mCherry driven constitutive reporter has been published
previously (Roche et al., 2018). In this virus the GFP is not fused
to IE2 but instead is cleaved due to a 2A protease site between the
GFP and the IE2 genes. All virus infections were carried out at an
approximate MOI of 5 unless otherwise stated.

Virus Infection
Cell types were all exposed to an approximate MOI of 5 for 1 h
before removing virus. Undifferentiated ECs, iPSCs, or CD34+
cells were infected in suspension at 37 degrees, while adherent
cells were infected at RT for 1 h on a rocker. The inoculum was
then removed and the cells washed three times in media before
allowing latency to leaving the cells for 4 days, during which time
a latent infection is supported. For differentiation experiments
in iPSCs, monolayers of iPSCs were infected with HCMV, which
support a latent infection, in the presence of pluripotency media
for 4 days. Cells were then either trypsinised before forming EBs
directly or trypsinised and sorted for GFP into media before the
formation of EBs.

CRISPR-Cas9 Targeting in C2 iPSCs
Feeder-free C2 iPSC were targeted using CRISPR-Cas9 as
previously described in Kiskin et al. (2018). Briefly, C2 iPSCs
previously adapted to grow feeder-free were electroporated with
CRISPR-Cas9 plasmids using the Amaxa Nucelofector system.
Correctly targeted cells were selected for by neomycin selection
and expanded in feeder-free conditions as described in other
parts of the section “Materials and Methods.”

shRNA Targeting in C2 iPSC Cells
Lentiviral vectors encoding shRNAs to B2M and IL-10 were
obtained from Santa Cruz. The shRNAs were then transduced
into C2 iPSCs. Stable cells lines were generated according to the
manufacturer’s protocol (Santa Cruz) except that the media was
changed every 24 h (rather than every few days) because C2 iPSCs
require feeding every 24 h.

ELISA
Human IL10 high sensitivity ELISA was used following the
manufacturers protocol (Life Technologies).

RT-qPCR
RT-qPCR analyses for viral gene expression have been described
previously (Lau et al., 2016).

Frontiers in Microbiology | www.frontiersin.org 9 October 2019 | Volume 10 | Article 2233

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02233 October 5, 2019 Time: 15:58 # 10

Poole et al. iPSCs Model HCMV Latency

DATA AVAILABILITY STATEMENT

All datasets analyzed for this study are included in the
manuscript/Supplementary Files.

ETHICS STATEMENT

All human samples were obtained under ethical approval
and after approval of protocols from the Cambridgeshire 2
Research Ethics Committee (REC reference 97/092) conducted
in accordance with the Declaration of Helsinki. Informed written
consent was obtained from all of the volunteers included in this
study before providing blood samples and all experiments were
carried out in accordance with the approved guidelines.

AUTHOR CONTRIBUTIONS

BL, EM, KR, MW, SJ, and JSh performed the experiments. EP,
CH, AB, JF, MS, AN, DS, NS-G, FK, NM, and BK performed
the experiments and analyzed the data. EP, JSi, AR, and GD
designed the experiments and analyzed the data. EP, AR, and JSi
wrote the manuscript.

FUNDING

This work was funded by an MRC Programme grant:
RCUK | Medical Research Council (MRC, grant G:0701279),
the British Heart Foundation (BHF) project grant (PG/14/31/),
the BHF Cambridge Centre of Research Excellence, the
Cambridge National Institute for Health Research Biomedical
Research Centre (NIHR BRC), and the Dinosaur Trust
(project grant DT001).

ACKNOWLEDGMENTS

The authors would like to thank Linda Teague for technical
assistance. This research was supported by the Cambridge NIHR
BRC Cell Phenotyping Hub. In particular, the authors wish to
thank Esther Perez for her advice and support in cell sorting.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.02233/full#supplementary-material

REFERENCES
Albright, E. R., and Kalejta, R. F. (2013). Myeloblastic cell lines mimic some but not

all aspects of human cytomegalovirus experimental latency defined in primary
CD34+ cell populations. J. Virol. 87, 9802–9812. doi: 10.1128/jvi.01436-13

Avdic, S., McSharry, B. P., Steain, M., Poole, E., Sinclair, J., Abendroth, A.,
et al. (2016). Human Cytomegalovirus-Encoded Human Interleukin-10 (IL-10)
Homolog Amplifies Its Immunomodulatory Potential by Upregulating Human
IL-10 in Monocytes. J. Virol. 90, 3819–3827. doi: 10.1128/JVI.03066-15

Beisser, P. S., Laurent, L., Virelizier, J. L., and Michelson, S. (2001). Human
cytomegalovirus chemokine receptor gene US28 is transcribed in latently
infected THP-1 monocytes. J. Virol. 75, 5949–5957. doi: 10.1128/jvi.75.13.5949-
5957.2001

Belzile, J. P., Stark, T. J., Yeo, G. W., and Spector, D. H. (2014). Human
Cytomegalovirus Infection of Human Embryonic Stem Cell-Derived Primitive
Neural Stem Cells is Restricted at Several Steps but Leads to the Persistence of
Viral DNA. J Virol. 88, 4021–4039. doi: 10.1128/JVI.03492-13

Berger, A. A., Gil, Y., Panet, A., Weisblum, Y., Oiknine-Djian, E., Gropp, M.,
et al. (2015). Transition toward Human Cytomegalovirus Susceptibility in
Early Human Embryonic Stem Cell-Derived Neural Precursors. J. Virol. 89,
11159–11164. doi: 10.1128/JVI.01742-15

Bigley, T. M., Reitsma, J. M., Mirza, S. P., and Terhune, S. S. (2013). Human
cytomegalovirus pUL97 regulates the viral major immediate early promoter by
phosphorylation-mediated disruption of histone deacetylase 1 binding. J. Virol.
87, 7393–7408. doi: 10.1128/JVI.02825-12

Boyette, L. B., Macedo, C., Hadi, K., Elinoff, B. D., Walters, J. T., Ramaswami,
B., et al. (2017). Phenotype, function, and differentiation potential of human
monocyte subsets. PLoS One 12:e0176460. doi: 10.1371/journal.pone.0176460

Brown, R. M., Rana, P., Jaeger, H. K., O’Dowd, J. M., Balemba, O. B., and Fortunato,
E. A. (2019). Human Cytomegalovirus Compromises Development of Cerebral
Organoids. J. Virol. 93, e957–e919. doi: 10.1128/JVI.00957-19

Cosset, E., Martinez, Y., Preynat-Seauve, O., Lobrinus, J. A., Tapparel, C., Cordey,
S., et al. (2015). Human three-dimensional engineered neural tissue reveals
cellular and molecular events following cytomegalovirus infection. Biomaterials
53, 296–308. doi: 10.1016/j.biomaterials.2015.02.094

D’Aiuto, L., Di Maio, R., Heath, B., Raimondi, G., Milosevic, J., Watson, A. M., et al.
(2012). Human induced pluripotent stem cell-derived models to investigate

human cytomegalovirus infection in neural cells. PLoS ONE 7:e49700. doi:
10.1371/journal.pone.0049700

Delannoy, A. S., Hober, D., Bouzidi, A., and Wattre, P. (1997). A macrophage-like
cell model for testing anti-CMV drugs. Pathol Biol. 45, 394–399.

Geti, I., Ormiston, M. L., Rouhani, F., Toshner, M., Movassagh, M., Nichols, J., et al.
(2012). A practical and efficient cellular substrate for the generation of induced
pluripotent stem cells from adults: blood-derived endothelial progenitor cells.
Stem Cells Transl Med 1, 855–865. doi: 10.5966/sctm.2012-0093

Gonzalez, F. (2016). CRISPR/Cas9 genome editing in human pluripotent stem
cells: Harnessing human genetics in a dish. Dev. Dyn. 245, 788–806. doi: 10.
1002/dvdy.24414

Hahn, G., Jores, R., and Mocarski, E. S. (1998). Cytomegalovirus remains latent in
a common precursor of dendritic and myeloid cells. Proc. Natl. Acad. Sci. U.S.A.
95, 3937–3942. doi: 10.1073/pnas.95.7.3937

Hertel, L., Lacaille, V. G., Strobl, H., Mellins, E. D., and Mocarski, E. S. (2003).
Susceptibility of immature and mature Langerhans cell-type dendritic cells
to infection and immunomodulation by human cytomegalovirus. J. Virol. 77,
7563–7574. doi: 10.1128/jvi.77.13.7563-7574.2003

Hijdra, D., Vorselaars, A. D., Grutters, J. C., Claessen, A. M., and Rijkers, G. T.
(2013). Phenotypic characterization of human intermediate monocytes. Front
Immunol 4:339.

Johansson, B. M., and Wiles, M. V. (1995). Evidence for involvement of
activin A and bone morphogenetic protein 4 in mammalian mesoderm and
hematopoietic development. Mol. Cell. Biol. 15, 141–151. doi: 10.1128/mcb.15.
1.141

Kamata, M., Liu, S., Liang, M., Nagaoka, Y., and Chen, I. S. (2010). Generation
of human induced pluripotent stem cells bearing an anti-HIV transgene by a
lentiviral vector carrying an internal murine leukemia virus promoter. Hum.
Gene Ther. 21, 1555–1567. doi: 10.1089/hum.2010.050

Kim, K., Doi, A., Wen, B., Ng, K., Zhao, R., Cahan, P., et al. (2010). Epigenetic
memory in induced pluripotent stem cells. Nature 467, 285–290. doi: 10.1038/
nature09342

Kiskin, F. N., Chang, C. H., Huang, C. J. Z., Kwieder, B., Cheung, C., and Dunmore,
B. J. (2018). Contributions of BMPR2 Mutations and Extrinsic Factors to
Cellular Phenotypes of Pulmonary Arterial Hypertension Revealed by iPSC
Modeling.Am J Respir Crit CareMed. 198, 271–275. doi: 10.1164/rccm.201801-
0049le

Frontiers in Microbiology | www.frontiersin.org 10 October 2019 | Volume 10 | Article 2233

https://www.frontiersin.org/articles/10.3389/fmicb.2019.02233/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.02233/full#supplementary-material
https://doi.org/10.1128/jvi.01436-13
https://doi.org/10.1128/JVI.03066-15
https://doi.org/10.1128/jvi.75.13.5949-5957.2001
https://doi.org/10.1128/jvi.75.13.5949-5957.2001
https://doi.org/10.1128/JVI.03492-13
https://doi.org/10.1128/JVI.01742-15
https://doi.org/10.1128/JVI.02825-12
https://doi.org/10.1371/journal.pone.0176460
https://doi.org/10.1128/JVI.00957-19
https://doi.org/10.1016/j.biomaterials.2015.02.094
https://doi.org/10.1371/journal.pone.0049700
https://doi.org/10.1371/journal.pone.0049700
https://doi.org/10.5966/sctm.2012-0093
https://doi.org/10.1002/dvdy.24414
https://doi.org/10.1002/dvdy.24414
https://doi.org/10.1073/pnas.95.7.3937
https://doi.org/10.1128/jvi.77.13.7563-7574.2003
https://doi.org/10.1128/mcb.15.1.141
https://doi.org/10.1128/mcb.15.1.141
https://doi.org/10.1089/hum.2010.050
https://doi.org/10.1038/nature09342
https://doi.org/10.1038/nature09342
https://doi.org/10.1164/rccm.201801-0049le
https://doi.org/10.1164/rccm.201801-0049le
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-02233 October 5, 2019 Time: 15:58 # 11

Poole et al. iPSCs Model HCMV Latency

Krishna, B. A., Lau, B., Jackson, S. E., Wills, M. R., Sinclair, J. H., and Poole, E.
(2016). Transient activation of human cytomegalovirus lytic gene expression
during latency allows cytotoxic T cell killing of latently infected cells. Sci Rep 6,
24674. doi: 10.1038/srep24674

Krishna, B. A., Spiess, K., Poole, E. L., Lau, B., Voigt, S., Kledal, T. N., et al. (2017).
Targeting the latent cytomegalovirus reservoir with an antiviral fusion toxin
protein. Nat Commun 8, 14321. doi: 10.1038/ncomms14321

Kumar, S., Blangero, J., and Curran, J. E. (2018). Induced Pluripotent Stem Cells
in Disease Modeling and Gene Identification. Methods Mol. Biol. 1706, 17–38.
doi: 10.1007/978-1-4939-7471-9_2

Lau, B., Poole, E., Krishna, B., Sellart, I., Wills, M. R., Murphy, E., et al.
(2016). The Expression of Human Cytomegalovirus MicroRNA MiR-UL148D
during Latent Infection in Primary Myeloid Cells Inhibits Activin A-triggered
Secretion of IL-6. Sci Rep 6, 31205. doi: 10.1038/srep31205

Lee, S. H., Albright, E. R., Lee, J. H., Jacobs, D., and Kalejta, R. F. (2015). Cellular
defense against latent colonization foiled by human cytomegalovirus UL138
protein. Sci Adv 1, e1501164. doi: 10.1126/sciadv.1501164

Lee, S. H., Caviness, K., Albright, E. R., Lee, J. H., Gelbmann, C. B., Rak, M.,
et al. (2016). Long and Short Isoforms of the Human Cytomegalovirus UL138
Protein Silence IE Transcription and Promote Latency. J. Virol. 90, 9483–9494.
doi: 10.1128/JVI.01547-16

Lum, F. M., Lee, D., Chua, T. K., Tan, J. J. L., Lee, C. Y. P., Liu, X., et al. (2018). Zika
Virus Infection Preferentially Counterbalances Human Peripheral Monocyte
and/or NK Cell Activity. mSphere 3, e120–e118. doi: 10.1128/mSphereDirect.
00120-18

Maslin, C. L., Kedzierska, K., Webster, N. L., Muller, W. A., and Crowe, S. M.
(2005). Transendothelial migration of monocytes: the underlying molecular
mechanisms and consequences of HIV-1 infection. Curr HIV Res 3, 303–317.
doi: 10.2174/157016205774370401

Mason, G. M., Poole, E., Sissons, J. G., Wills, M. R., and Sinclair, J. H.
(2012). Human cytomegalovirus latency alters the cellular secretome, inducing
cluster of differentiation (CD)4+ T-cell migration and suppression of effector
function. Proc Natl Acad Sci U S A. 109, 14538–14543. doi: 10.1073/pnas.12048
36109

Nakamura, H., Liao, H., Minami, K., Toyoda, M., Akutsu, H., Miyagawa, Y., et al.
(2013). Human cytomegalovirus induces apoptosis in neural stem/progenitor
cells derived from induced pluripotent stem cells by generating mitochondrial
dysfunction and endoplasmic reticulum stress. Herpesviridae 4, 2. doi: 10.1186/
2042-4280-4-2

Neumann, A. K., Thompson, N. L., and Jacobson, K. (2008). Distribution and
lateral mobility of DC-SIGN on immature dendritic cells–implications for
pathogen uptake. J. Cell Sci. 121, 634–643. doi: 10.1242/jcs.022418

O’Connor, C. M., and Murphy, E. A. (2012). A myeloid progenitor cell line
capable of supporting human cytomegalovirus latency and reactivation,
resulting in infectious progeny. J. Virol. 86, 9854–9865. doi: 10.1128/JVI.012
78-12

Ormiston, M. L., Toshner, M. R., Kiskin, F. N., Huang, C. J., Groves, E., Morrell,
N. W., et al. (2015). Generation and Culture of Blood Outgrowth Endothelial
Cells from Human Peripheral Blood∗. J Vis Exp. e53384.

Penkert, R. R., and Kalejta, R. F. (2013). Human embryonic stem cell lines model
experimental human cytomegalovirus latency.MBio 4, e298–e213. doi: 10.1128/
mBio.00298-13

Poole, E., Avdic, S., Hodkinson, J., Jackson, S., Wills, M., Slobedman, B., et al.
(2014a). Latency-associated viral interleukin-10 (IL-10) encoded by human
cytomegalovirus modulates cellular IL-10 and CCL8 Secretion during latent
infection through changes in the cellular microRNA hsa-miR-92a. J. Virol. 88,
13947–13955. doi: 10.1128/JVI.02424-14

Poole, E., Reeves, M., and Sinclair, J. H. (2014b). The use of primary human cells
(fibroblasts, monocytes, and others) to assess human cytomegalovirus function.
Methods Mol. Biol. 1119, 81–98. doi: 10.1007/978-1-62703-788-4_6

Reeves, M. B., Lehner, P. J., Sissons, J. G., and Sinclair, J. H. (2005a). An in vitro
model for the regulation of human cytomegalovirus latency and reactivation

in dendritic cells by chromatin remodelling. J. Gen. Virol. 86, 2949–2954. doi:
10.1099/vir.0.81161-0

Reeves, M. B., MacAry, P. A., Lehner, P. J., Sissons, J. G., and Sinclair, J. H. (2005b).
Latency, chromatin remodeling, and reactivation of human cytomegalovirus
in the dendritic cells of healthy carriers. Proc. Natl. Acad. Sci. U.S.A. 102,
4140–4145. doi: 10.1073/pnas.0408994102

Roche, K. L., Nukui, M., Krishna, B. A., O’Connor, C. M., and Murphy, E. A. (2018).
Selective 4-Thiouracil Labeling of RNA Transcripts within Latently Infected
Cells after Infection with Human Cytomegalovirus Expressing Functional
Uracil Phosphoribosyltransferase. J. Virol. 92, e880–e818. doi: 10.1128/JVI.
00880-18

Rolland, M., Li, X., Sellier, Y., Martin, H., Perez-Berezo, T., Rauwel, B., et al.
(2016). PPARgamma Is Activated during Congenital Cytomegalovirus Infection
and Inhibits Neuronogenesis from Human Neural Stem Cells. PLoS Pathog
12:e1005547. doi: 10.1371/journal.ppat.1005547

Sachamitr, P., Leishman, A. J., Davies, T. J., and Fairchild, P. J. (2017). Directed
Differentiation of Human Induced Pluripotent Stem Cells into Dendritic Cells
Displaying Tolerogenic Properties and Resembling the CD141(+) Subset. Front
Immunol 8:1935. doi: 10.3389/fimmu.2017.01935

Shnayder, M., Nachshon, A., Krishna, B., Poole, E., Boshkov, A., Binyamin, A.,
et al. (2018). Defining the Transcriptional Landscape during Cytomegalovirus
Latency with Single-Cell RNA Sequencing. MBio 9, e00013–e18. doi: 10.1128/
mBio.00013-18

Silk, K. M., Tseng, S. Y., Nishimoto, K. P., Lebkowski, J., Reddy, A., and Fairchild,
P. J. (2011). Differentiation of dendritic cells from human embryonic stem cells.
Methods Mol. Biol. 767, 449–461. doi: 10.1007/978-1-61779-201-4_33

Sinclair, J., and Poole, E. (2014). Human cytomegalovirus latency and reactivation
in and beyond the myeloid lineage. Future Virology 6, 7.

Sissons, J. G., Sinclair, J. H., and Borysiewicz, L. K. (1991). Pathogenesis of human
cytomegalovirus disease and the kidney. Kidney Int. Suppl. 35, S8–S12.

Straschewski, S., Warmer, M., Frascaroli, G., Hohenberg, H., Mertens, T., and
Winkler, M. (2010). Human cytomegaloviruses expressing yellow fluorescent
fusion proteins–characterization and use in antiviral screening. PLoS ONE
5:e9174. doi: 10.1371/journal.pone.0009174

Taylor, J. P., Cash, M. N., Santostefano, K. E., Nakanishi, M., Terada, N., and
Wallet, M. A. (2018). CRISPR/Cas9 knockout of USP18 enhances type I IFN
responsiveness and restricts HIV-1 infection in macrophages. J Leukoc Biol.
doi: 10.1002/JLB.3MIA0917-352R. [Epub ahead of print].

Vallier, L., Reynolds, D., and Pedersen, R. A. (2004). Nodal inhibits differentiation
of human embryonic stem cells along the neuroectodermal default pathway.
Dev. Biol. 275, 403–421. doi: 10.1016/j.ydbio.2004.08.031

Wildgruber, M., Aschenbrenner, T., Wendorff, H., Czubba, M., Glinzer, A., Haller,
B., et al. (2016). The "Intermediate" CD14(++)CD16(+) monocyte subset
increases in severe peripheral artery disease in humans. Sci Rep 6, 39483. doi:
10.1038/srep39483

Yeung, A. T. Y., Hale, C., Lee, A. H., Gill, E. E., Bushell, W., Parry-Smith, D.,
et al. (2017). Exploiting induced pluripotent stem cell-derived macrophages
to unravel host factors influencing Chlamydia trachomatis pathogenesis. Nat
Commun 8, 15013. doi: 10.1038/ncomms15013

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Poole, Huang, Forbester, Shnayder, Nachshon, Kweider, Basaj,
Smith, Jackson, Liu, Shih, Kiskin, Roche, Murphy, Wills, Morrell, Dougan, Stern-
Ginossar, Rana and Sinclair. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 11 October 2019 | Volume 10 | Article 2233

https://doi.org/10.1038/srep24674
https://doi.org/10.1038/ncomms14321
https://doi.org/10.1007/978-1-4939-7471-9_2
https://doi.org/10.1038/srep31205
https://doi.org/10.1126/sciadv.1501164
https://doi.org/10.1128/JVI.01547-16
https://doi.org/10.1128/mSphereDirect.00120-18
https://doi.org/10.1128/mSphereDirect.00120-18
https://doi.org/10.2174/157016205774370401
https://doi.org/10.1073/pnas.1204836109
https://doi.org/10.1073/pnas.1204836109
https://doi.org/10.1186/2042-4280-4-2
https://doi.org/10.1186/2042-4280-4-2
https://doi.org/10.1242/jcs.022418
https://doi.org/10.1128/JVI.01278-12
https://doi.org/10.1128/JVI.01278-12
https://doi.org/10.1128/mBio.00298-13
https://doi.org/10.1128/mBio.00298-13
https://doi.org/10.1128/JVI.02424-14
https://doi.org/10.1007/978-1-62703-788-4_6
https://doi.org/10.1099/vir.0.81161-0
https://doi.org/10.1099/vir.0.81161-0
https://doi.org/10.1073/pnas.0408994102
https://doi.org/10.1128/JVI.00880-18
https://doi.org/10.1128/JVI.00880-18
https://doi.org/10.1371/journal.ppat.1005547
https://doi.org/10.3389/fimmu.2017.01935
https://doi.org/10.1128/mBio.00013-18
https://doi.org/10.1128/mBio.00013-18
https://doi.org/10.1007/978-1-61779-201-4_33
https://doi.org/10.1371/journal.pone.0009174
https://doi.org/10.1002/JLB.3MIA0917-352R.
https://doi.org/10.1016/j.ydbio.2004.08.031
https://doi.org/10.1038/srep39483
https://doi.org/10.1038/srep39483
https://doi.org/10.1038/ncomms15013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	An iPSC-Derived Myeloid Lineage Model of Herpes Virus Latency and Reactivation
	Introduction
	Results and Discussion
	Materials and Methods
	Cells
	Viruses
	Virus Infection
	CRISPR-Cas9 Targeting in C2 iPSCs
	shRNA Targeting in C2 iPSC Cells
	ELISA
	RT-qPCR

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


