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% Check for updates To date, no herpesvirus has been shown to latently persist in fibroblastic cells.

Here, we show that murine cytomegalovirus, a -herpesvirus, persists for the
long term and across organs in PDGFRa-positive fibroblastic cells, with similar
or higher genome loads than in the previously known sites of murine cyto-
megalovirus latency. Whereas murine cytomegalovirus gene transcription in
PDGFRa-positive fibroblastic cells is almost completely silenced at 5 months
post-infection, these cells give rise to reactivated virus ex vivo, arguing that
they support latent murine cytomegalovirus infection. Notably, PDGFRa-
positive fibroblastic cells also support productive virus replication during
primary murine cytomegalovirus infection. Mechanistically, StatI-deficiency
promotes lytic infection but abolishes latent persistence of murine cytome-
galovirus in PDGFRa-positive fibroblastic cells in vivo. In sum, fibroblastic cells
have a dual role as a site of lytic murine cytomegalovirus replication and a
reservoir of latent murine cytomegalovirus in vivo and STATI is required for
murine cytomegalovirus latent persistence in vivo.

Murine cytomegalovirus (MCMV) belongs to the genus Mur-
omegalovirus in the subfamily Betaherpesvirinae. It is most closely
related to the primate-infecting viruses of the genus Cytomegalo-
virus, comprising human cytomegalovirus (HCMV). Together, cyto-
megaloviruses are characterized by large DNA genomes (>200 kb),
induction of cytomegaly in infected cells and strict species tropism’.
As for all herpesviruses, the life cycle of cytomegaloviruses com-
prises both lytic (productive) and latent (non-productive) infection,
the latter underpinning their ability to persist for life in their
respective hosts. During lytic infection, the cytomegalovirus genome
is transcribed to express high levels of immediate-early (IE), early (E)
and late (L) viral gene products, added in a temporal sequence, that
carry the virus through the phases of the genome replication and

virion assembly, culminating in the release of infectious virions and
cell lysis. By contrast, during latent infection, cytomegalovirus
genomic DNA persists in the cell nucleus, but the viral progeny is not
produced. Viral gene transcription in latency is considerably silenced
and cytomegalovirus major IE promoter is associated with histones
bearing repressive post-translational marks*>. Under appropriate
conditions, the virus productive cycle is reactivated, leading to the
genesis of new infectious progeny. A formal criterium of latency is
the appearance of the infectious virus upon, but not prior to, co-
cultivation of the population of interest with cells permissive to lytic
infection. In vivo, lytic cytomegalovirus infection prevails for some
time following virus inoculation, enabling viral amplification and
spread, but in immunocompetent hosts it is eventually extinguished,

Department of Viral Immunology, Helmholtz Centre for Infection Research, 38124 Braunschweig, Germany. 2Department of Biomedical Sciences, University
of Veterinary Medicine Vienna, 1210 Vienna, Austria. 3Center for Proteomics, Faculty of Medicine, University of Rijeka, 51000 Rijeka, Croatia. “Centre for
Individualized Infection Medicine, a joint venture of HZI and MHH, 30625 Hannover, Germany. *German Centre for Infection Research (DZIF), Hannover-
Braunschweig site, 38124 Braunschweig, Germany. éThese authors contributed equally: Katarzyna M. Sitnik, Luka Cigin-Sain.

e-mail: Katarzyna.Sitnik@vetmeduni.ac.at; luka.cicin-sain@helmholtz-hzi.de

Nature Communications | (2023)14:3087


http://orcid.org/0000-0002-6965-0322
http://orcid.org/0000-0002-6965-0322
http://orcid.org/0000-0002-6965-0322
http://orcid.org/0000-0002-6965-0322
http://orcid.org/0000-0002-6965-0322
http://orcid.org/0000-0003-2779-0359
http://orcid.org/0000-0003-2779-0359
http://orcid.org/0000-0003-2779-0359
http://orcid.org/0000-0003-2779-0359
http://orcid.org/0000-0003-2779-0359
http://orcid.org/0000-0002-6578-6601
http://orcid.org/0000-0002-6578-6601
http://orcid.org/0000-0002-6578-6601
http://orcid.org/0000-0002-6578-6601
http://orcid.org/0000-0002-6578-6601
http://orcid.org/0000-0002-5946-4921
http://orcid.org/0000-0002-5946-4921
http://orcid.org/0000-0002-5946-4921
http://orcid.org/0000-0002-5946-4921
http://orcid.org/0000-0002-5946-4921
http://orcid.org/0000-0002-4654-5423
http://orcid.org/0000-0002-4654-5423
http://orcid.org/0000-0002-4654-5423
http://orcid.org/0000-0002-4654-5423
http://orcid.org/0000-0002-4654-5423
http://orcid.org/0000-0001-8839-7839
http://orcid.org/0000-0001-8839-7839
http://orcid.org/0000-0001-8839-7839
http://orcid.org/0000-0001-8839-7839
http://orcid.org/0000-0001-8839-7839
http://orcid.org/0000-0003-3978-778X
http://orcid.org/0000-0003-3978-778X
http://orcid.org/0000-0003-3978-778X
http://orcid.org/0000-0003-3978-778X
http://orcid.org/0000-0003-3978-778X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-38449-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-38449-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-38449-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-023-38449-x&domain=pdf
mailto:Katarzyna.Sitnik@vetmeduni.ac.at
mailto:luka.cicin-sain@helmholtz-hzi.de

Article

https://doi.org/10.1038/s41467-023-38449-x

after which a life-long phase of in vivo latency ensues when only
latent virus can be detected®.

Herpesviruses are recognized for using distinct cell types as sites
of lytic replication and latent persistence’. In line with this, myeloid
progenitors and monocytes are well-characterised sites of HCMV
latency®. Latent infection of these cell types by MCMV is less clear, due
to conflicting results in studies”® and remains a controversial topic. On
the other hand, and somewhat curiously for a herpesvirus, latent
MCMV was found to reside during in vivo latency in liver endothelial
cells® and peritoneal macrophages®'°, which represent cell types that
are permissive to lytic MCMV infection®". Fibroblasts are also well-
known to support lytic MCMV replication and are commonly used to
grow virus stocks™. Interestingly, experiments of Mercer et al.”> and
Pomeroy et al.** performed more than 30 years ago, demonstrated
enrichment for MCMV genomes and virus reactivation from stroma-
enriched spleen fragments, while essentially excluding the contribu-
tion of hematopoietic cells. The authors proposed that splenic fibro-
blasts were involved but could not prove it due to the lack of available
methods for splenic fibroblast purification. Notably, the notion about
latency in fibroblastic cells has since not been investigated for MCMV
or any other herpesvirus, and remains unconfirmed.

Like other viral infections, MCMV s crucially controlled by the
host’s response to interferons (IFNs)®, which signal through signal
transducer and activator of transcription 1 (STAT1)*. Mice deficient for
Statl or otherwise rendered unresponsive to IFNs succumb within a few
days to infection with only a few hundred plaque forming units (PFU) of
MCMV''8, Besides orchestrating antiviral immunity through effects on
the functions of the cells of the immune system, IFNs directly inhibit
productive  MCMV growth by elevating cell-intrinsic antiviral
activity®'**, Notably, IFN treatment inhibits the activity of MCMV
major IE promoter, which controls the initiation of the lytic cycle?®. We
have shown that MCMV infection in permissive cells infected at low
multiplicity of infection (MOI) in the presence of IFN is transiently
repressed until IFN is removed. This reversible state satisfied the formal
definition of latency, where MCMV genomes are maintained in absence
of replicating virus, but the virus has the capacity to reactivate®.
However, it remained unclear if similar phenomena may be observed in
a long-term in vivo model of cytomegalovirus latency.

In this study, using state-of-the-art methods for the purification of
tissue-resident subsets from mouse organs, we comprehensively
mapped the cellular sites of MCMV genome persistence during latency
in vivo. Our study unravels that MCMV commonly persists in PDGFRa&"
fibroblastic cells for the long term, in a state that fulfils all the formal
criteria of latent infection. We further show that PDGFRa" fibroblastic
cells are simultaneously permissive to lytic MCMV infection and have a
role in viral reproduction during the acute phase of in vivo infection.
Finally, we identify a physiological role of STATI in enabling latent
persistence of MCMV in fibroblastic cells in vivo whilst concurrently
inhibiting their lytic infection with the virus.

Results

PDGFRa " fibroblastic cells carry MCMV genomes during latent
MCMV infection in vivo

To address whether fibroblastic cells might be a site of MCMV latent
persistence in vivo, we initially performed a comprehensive char-
acterisation of the distribution of MCMV genomes in tissue-resident
cells across mouse organs during latency in vivo. Specifically, we
determined the number of viral genome copies per 100,000 cells
(henceforth referred to as MCMV genome load) in FACS-sorted fibro-
blastic-, endothelial-, epithelial- and tissue-resident macrophage
populations from the liver, salivary glands (SG), spleen, visceral adi-
pose tissue (VAT) and lungs of mice latently infected via intraper-
itoneal route (Fig. 1, for pre-gating schemes for all cell populations see
Supplementary Fig. 1a). Intraperitoneal administration of MCMV is the
most widely used MCMYV infection model that results in infection of

multiple organs due to virus systemic spread in the acute phase of
infection®*%. Populations of tissue-resident macrophages (M), such
as F4/807CD11c" SG Mo, lung alveolar M@, liver Kupfer cells, spleen red
pulp M¢ and VAT M¢ were identified using organ-specific gating
strategies® . Endothelial cells (EC) were identified as CD45
PDGFRa'CD31" cells and were shown to co-express CD146 in the liver
(Supplementary Fig. 1b). Of note, EC from VAT were not analysed as
they could not be isolated in sufficient numbers. PDGFRa" fibroblastic
cells (PDGFRa" FC) were identified as CD45CD31PDGFRa" cells in
VAT?®, CD45CD31EpCAMPDGFRa* cells in the lungs” and SG*%; and as
CD45CD311TGBI'PDGFRa” cells in the spleen®. In the liver we focused
on a defined CD45CD31EpCAMPDGFRa" FC subset, vitamin A* liver
stellate cells***". We chose to focus on FC that express PDGFRa since
they are relatively well-defined across mouse organs®. To quantify
MCMV genome load, genomic DNA isolated from sorted cell subsets
was used as input in a quantitative PCR assay with primers specific to
viral gB gene and to mouse Pthrp gene. Absolute quantification was
performed using serial dilutions of a plasmid carrying both gB and
Pthrp sequences, according to a previously described method*, with a
quantitation limit of 10 copies of the plasmid standard in a single qPCR
reaction (Supplementary Fig. 1c). Strikingly, PDGFRa" FC carried the
highest viral genome load across multiple tissues, in the liver (ca 2-
fold), in SG (ca 10-fold) and most substantially, in the spleen (ca 100-
fold) (Fig. 1b-i). Only in the lungs were MCMV genomes absent from
PDGFRa" FC (Fig. 1j, k). EC carried MCMV genomes in liver and lungs,
which is consistent with previous reports®**, but their MCMV genome
content appeared lower in the spleen and was barely detectable in the
SG (Fig. 1b-k). MCMV genomes were detected in VAT M¢ at levels
similar to PDGFRa" FC from the same site, but were absent or barely
detectable in M@ from other organs (Fig. 1b-k). Next, to compare the
viral genome load in PDGFRa" FC to that of circulating myeloid cells,
we analysed monocytes isolated from the bone marrow (BM) or the
spleen of latently infected mice. We detected <10 copies of MCMV
genomes (Fig. 11), which is 10-100-fold lower than carried by PDGFRa*
FC in all organs tested except the lungs. Importantly, MCMV genomes
persisted in PDGFRa* FC even 1 year after infection, as shown for
PDGFRa’ FC from the spleen, lymph nodes (LNs)* and VAT (Fig. Im-o).
Together, these results reveal that MCMV genomes are commonly
present in PDGFRa* FC of multiple organs during MCMV latency
in vivo.

The route of infection determines the load of MCMV genomes in
PDGFRa" FC of latently infected lungs

Our finding that following intraperitoneal infection MCMV genomes
persist in PDGFRa* FC in all organs except the lungs was intriguing. We
previously compared mucosal routes of infection, such as intranasal or
intragastric, with intraperitoneal infection and observed that intrana-
sal infection is the more efficient route of MCMV infection for the
lungs’®. Nevertheless, intranasal infection results in a more restricted
pattern of virus spread than the intraperitoneal infection route,
involving only the lungs and SG, which was in line with a previous
report”. Notably, the cellular sites of MCMV latency after intranasal
infection, which is thought to better model the natural MCMV
infection®, are yet to be investigated. Therefore, we next determined
MCMYV genome load in PDGFRa" FC, EC as well as epithelial cells and
M@ from the lungs and SG of mice latently infected via intranasal
route (Fig. 2a).

Notably, PDGFRa" FC carried the highest MCMV genome load of
all tested subsets in both lungs and SG of mice infected intranasally
(Fig. 2b, ¢). Thus, distinct routes of infection result in differences in
MCMV genome distribution in PDGFRa" FC in the lungs. Whether this
is due to putative differences in the exposure/accessibility of PDGFRa"
FC to the virus during acute infection and/or putative differential
effects on virus persistence in PDGFRa" FC remains to be clarified in
future studies.
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Differences in MCMV genome load between PDGFRa™ and fraction from the lungs (for pre-gating see Supplementary Fig. 2a)
PDGFRa~ FC during latency in vivo consisted of two discrete compartments, a major subset of PDGFRa*

Next, we asked whether other populations of FC, which do not express  FC, which is known to comprise alveolar, peribronchial and adventitial
PDGFRa, carried similar MCMV genome load in latently infected mice fibroblasts?”, and a minor FC population that lacked PDGFRa but
as PDGFRa" FC. To this end, we determined MCMV genome load in  expressed PDGFR[, hereafter termed PDGFRaPDGFR[* FC (Fig. 3b).
distinct subsets of FC from the lungs of mice latently infected either The majority of PDGFRa PDGFRB* FC expressed CD146 (Supplemen-
intraperitoneally or intranasally (Fig. 3a). The CD45CD31EpCAM cell tary Fig. 2b), fitting with the universal phenotype of mural cells®.
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Fig. 1| PDGFRa" fibroblastic cells carry MCMV genomes during latent MCMV
infection in vivo. Analysis of MCMV genome load in indicated cell subsets purified
from mice latently infected with MCMV administered intraperitoneally (a-1),

5 months or (m-o0), 1 year prior. a Experimental design for (b-1). SG submandibular
salivary glands, Li liver, Spl spleen, VAT visceral adipose tissue, Lu lungs, BM bone
marrow. m Experimental design for (n-0). Lymph nodes (LNs) represent pooled
inguinal, brachial, axillary, cervical and mesenteric LNs. b, d, f, h, j, n Gating strategy
for sorting of the indicated cell subsets. Numbers are percentage of cells in the
indicated gates. c, e, g, i, k, | Number of virus genomes per 100,000 cells 5 months
post-infection. Horizontal lines depict median from n=3 (Lu M), n=4 (SG FC, SG
EC, SG M@, Lu FC, Lu EC, Spl Monocytes), n=5 (Li FC, Spl M$, BM Monocytes) or

n=6 (Li FC, Li EC, Spl FC, Spl EC, VAT FC, VAT M¢) biologically independent
samples (depicted as symbols) examined over two independent experiments.
Biological replicates represent cells sorted from pooled preparations from 1to 2 (Li,
Lu), 2 (SG, VAT, Monocytes) or 4 (Spl) mice. Sorting was done either from 1 organ
(VAT, Spl) or simultaneously from two organs (SG and Lu; Li and BM) per biological
replicate. 0 Number of virus genomes per 100,000 cells 1 year post-infection.
Horizontal lines depict median from n=3 (LN FC), n=4 (Spl FC, Spl EC, LN EC) or
n=5 (VAT FC) biologically independent samples (depicted as symbols) examined
over two independent experiments. Biological replicates represent cells sorted
from pooled preparations from 2 (VAT) or 4 (Spl, LNs) mice. q.I. quantification limit,
n.d. not detected, n.a. not analysed. Source data are provided as a Source Data file.
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Fig. 2 | The route of infection determines the MCMV genome content of
PDGFRa«’ FC in latently infected lungs. Analysis of MCMV genome load in indi-
cated cell subsets purified from mice latently infected with MCMV administered
intranasally 5 months prior. a Experimental design. b, ¢ Number of virus genomes
per 100,000 cells. Horizontal lines depict median from n=3 (SG) or n=4 (Lu)
biologically independent samples (depicted as symbols) examined over two inde-
pendent experiments. SG and Lu subsets were simultaneously obtained from 1 to 2
mice per replicate. q.l. quantification limit, n.d. not detected. Source data are
provided as a Source Data file.

Following intraperitoneal infection, which as shown in Fig. 1k results in
the preferential distribution of MCMV genomes to EC, both PDGFRa"
FC and PDGFRa PDGFRB'* FC were a minor source of MCMV genomes
with the load of <10 viral genome copies per 100,000 cells (Fig. 3c).
Following intranasal infection, which as shown in Fig. 2b results in the
preferential distribution of MCMV genomes to PDGFRa" FC, viral
genomes were robustly detected in both FC subsets but the genome
load in PDGFRax"PDGFRB" FC was ca 3-fold lower compared to
PDGFRa" FC (one-way ANOVA F (2,9) with Dunnett’s multiple com-
parisons test, p=0.0007, 95% confidence interval (CI) of the differ-
ence =-156.4 to —56.57) (Fig. 3d). We also mapped the distribution of
MCMYV genomes during latency in the subpopulations of FC from the
spleens of mice infected intraperitoneally (Fig. 3e). We fractionated
CD45 CD31ITGB1* splenic FC* (for pre-gating see Supplementary
Fig. 2¢) into Ly6C" red pulp FC, BST-1" white pulp FC, and BST-1'Ly6C
FC (hereafter termed, other FC), which are mainly composed of CD146"
mural cells”. As shown in Fig. 3f, Ly6C" red pulp FC uniformly
expressed high levels of PDGFRa, BST-1* white pulp FC contained a
minor fraction of PDGFRa cells while other FC consisted mainly of

PDGFRa cells. Notably, MCMV genome load was nearly 10-fold higher
in Ly6C" red pulp FC compared to BST-1" white pulp FC (unpaired t-
test, degrees of freedom = 6, p=0.0001, 95% CI of the difference =
542.5to 783.5) and to other FC (Fig. 3g). In sum, MCMV genome load in
PDGFRa" FC in latently infected lungs and spleen is higher than in
PDGFRa FC in these organs.

Silenced and stochastic viral gene transcription in PDGFRa*™ FC
from latently infected mice

Next, we investigated if PDGFRa* FC that carried viral genomes during
MCMV latency in vivo fulfilled the formal criteria of latent infection. We
first asked whether viral gene expression in PDGFRa* FC from latently
infected mice was consistent with a putative ongoing lytic viral cycle.
To this aim, we measured the expression of viral transcripts from the
immediate-early (iel/ie3), early (M38) or late (M48/SCP) phase of the
lytic infection in RNA isolated from PDGFRa" FC from latently infected
mice by RT-qPCR (Table 1). We analysed PDGFRa" FC from various
organs and conditions in which they were shown to carry MCMV
genomes (Figs. 1 and 2), such as the spleen, VAT, SG and liver of mice
infected intraperitoneally, and from PDGFRa" FC from the lungs of
mice infected intranasally. PDGFRa* FC from the lungs of mice infected
intraperitoneally, which are devoid of MCMV genomes (Fig. 1k), were
used as a negative control. Liver EC and VAT M@ from mice infected via
intraperitoneal route were also included. Following reverse transcrip-
tion, copies of cDNA representing each transcript were quantified
using serial dilutions of MCMV-BAC??, with a quantitation limit of 10
copies of the BAC standard in a single qPCR reaction (Supplementary
Fig. 3). Although we used primer pairs that did not distinguish between
viral DNA and RNA, our assay specifically detected viral RNA, since no
positive signals were obtained when the same RNA samples were
processed with the omission of reverse-transcriptase (Supplementary
Table 1). To ascertain that comparable amounts of cDNA were used, we
standardized our readouts on mouse Gapdh expression in all samples.
The number of cells corresponding to the cDNA input used per qPCR
reaction was estimated for each sample and was in the range of 5,000-
15,000 cells (Table 1). Overall, expression of viral mMRNAs was detected
only sporadically and as no more than a few hundred of copies
(Table 1). Specifically, iel/ie3 expression was detected in 8, M38in 2 and
MA48/SCP in 1 out of 18 tested PDGFRa* FC samples, but none of the
samples expressed all three viral genes (Table 1). This transcriptional
profile is inconsistent with lytic infection while it fits with the pattern of
viral transcription in latently infected lungs described recently by
Griessl et al., which was found to be intermittent and stochastic*.
iel/ie3 expression was detected in 1 out of 3 tested liver EC samples and
in 1 out of 3 tested VAT M¢ samples, indicating that viral transcription
is also silenced in EC and M¢ carrying MCMV genomes during latency
in vivo. In sum, the profile of viral gene expression in PDGFRa" FC from
latently infected mice is at odds with persistent lytic infection.

PDGFRa" FC carry latent MCMV in vivo
To test for functional criteria of latency, we next determined if MCMV
can reactivate from PDGFRa" FC purified from latently infected mice.
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Fig. 3 | Differences in MCMV genome load between PDGFRa" and PDGFRa™ FC
during latency in vivo. Analysis of MCMV genome load in indicated FC subsets
purified from the lungs of mice latently infected with MCMV administered intra-
peritoneally or intranasally (a-d), or the spleen of mice latently infected with
MCMV administered intraperitoneally (e-g). a Experimental design for (b-d).

e Experimental design for (f, g). b, f Gating strategy for sorting of the indicated cell
subsets. ¢, d, g Number of virus genomes per 100,000 cells. ¢, d Horizontal line
depicts the arithmetic mean + SD from n = 4 biologically independent samples
(depicted as symbols) examined over two independent experiments. Biological

replicates represent cells sorted from pooled preparations from two mice. **p-
value < 0.001 (exact values indicated in the figure), one-way ANOVA with Dunnett’s
multiple comparisons test. g Horizontal line depicts the arithmetic mean + SD from
n=2 (other FC) or n=4 (red pulp and white pulp FC) biologically independent
samples (depicted as symbols) examined over two independent experiments.
Biological replicates represent cells sorted from pooled preparations from four
mice. *p-value < 0.001 (exact value indicated in the figure), two-tailed unpaired ¢
test. g.l. quantification limit, n.d. not detected. Source data are provided as a Source
Data file.

To this aim, we devised an ex vivo reactivation assay, in which PDGFRa"
FCisolated from the lungs of mice latently infected via intranasal route
were seeded in half-area 96-well plates at the density of 100,000 cells
per well (resulting in the deposition of <100 MCMV genomes per well)
(Fig. 4a). Upon 7 days of ex vivo incubation, viral reactivation was
assessed in individual wells using three criteria: (i) visual inspection of
plaque formation, (ii) IE1 immunofluorescence as well as (iii) detection
of infectious virus in culture supernatant by plaque assay on mono-
layer of mouse embryonic fibroblasts (MEFs). Notably, infectious virus
emerged in 30-50% of wells from 4 out of 4 samples of lung PDGFR«"
FC (Fig. 4b, c). As expected, virus did not grow out when lung PDGFRa*
FC isolated from mice infected intraperitoneally were used, as they
were shown to be devoid of MCMV genomes (Fig. 4d, see also Fig. 1k).
Further importantly, no virus outgrowth was detected when lysates
prepared from lung PDGFRa" FC isolated from mice infected intrana-
sally were incubated on a monolayer of MEFs for the same amount of

time (Fig. 4e, f). The results showing that virus grew out only from cells
but not from cell lysates (even though the assay was able to detect a
single PFU of MCMV), argues that PDGFRa" FC carried latent MCMV,
which reactivated upon ex vivo cultivation. To confirm this using
PDGFRa" FC from another tissue, but also to study the kinetic of
reactivation events, virus reactivation was also monitored in PDGFRa"
FC isolated from the VAT of mice latently infected via intraperitoneal
route. Mice were administered with reporter MCMV expressing major
IE promoter-driven GFP (MCMVES)?? which resulted in the same
latent viral load in VAT PDGFRa" FC (Supplementary Fig. 4) while it
enabled monitoring of the kinetic of re-initiation of lytic gene tran-
scription by life cell imaging (Fig. 4g). By 7 days of in vitro incubation,
the virus grew out in ~10% of wells from 9 out of 10 samples (Fig. 4h, i).
Virus outgrowth was specifically associated with the presence of
PDGFRa' FC, since cultivation of VAT cell preparations that had been
depleted of PDGFRa" FC did not yield any virus (Fig. 4j). It should be
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Table 1| Quantification of viral mMRNAs in cell populations from latently infected mice by RT-qPCR

Type of infection Cell type

Estimated number of cells per

MCMV transcript copies detected per reaction

reaction

ie1/3 M38 M48(SCP)

5 months after intraperitoneal Spleen PDGFRa* FC 8911 n.d. n.d. n.d. n.d. n.d. n.d.
infection 9153 n.d. n.d. n.d. n.d. n.d. n.d.
7630 n.d. n.d. n.d. n.d. n.d. n.d.

Visceral adipose tissue 8359 n.d. n.d. n.d. n.d. n.d. n.d.

PDGFRa" FC

7659 21 8 n.d. n.d. n.d. n.d.

1,799 n.d. n.d. n.d. n.d. n.d. n.d.

Salivary gland PDGFRa* FC 5468 n.d. n.d. n.d. n.d. n.d. n.d.
6242 123 140 n.d. n.d. n.d. n.d.

6242 n.d. n.d. n.d. 9 58 60

Liver PDGFRa* FC 6224 n.d. n.d. n.d. n.d. n.d. n.d.
6735 n.d. n.d. n.d. n.d. n.d. n.d.

6715 n.d. n.d. n.d. n.d. n.d. n.d.

Liver EC 9333 n.d. n.d. n.d. n.d. n.d. n.d.

6618 n.d. n.d. n.d. n.d. n.d. n.d.

9488 8 7 n.d. n.d. n.d. n.d.

Lung PDGFRa* FC (negative 14,431 n.d. n.d. n.d. n.d. n.d. n.d.

control) 15,234 n.d. n.d. n.d. n.d. n.d. n.d.

16,971 n.d. n.d. n.d. n.d. n.d. n.d.

5 months after intranasal infection Lung PDGFRa* FC 16,971 200 128 n.d. n.d. n.d. n.d.
14,756 405 303 7 16 n.d. n.d.

17,261 317 433 n.d. n.d. n.d. n.d.

3 months after intraperitoneal Visceral adipose tissue 10,626 10 14 n.d. n.d. n.d. n.d.
Tifzsiem AEERE e 7,751 n 29 nd.  nd._ nd nd
9,498 40 64 n.d. n.d. n.d. n.d.

Visceral adipose tissue M 10,551 n.d. n.d. n.d. n.d. n.d. n.d.

12,228 n.d. n.d. n.d. n.d. n.d. n.d.

10,975 5 5) n.d. n.d. n.d. n.d.

Each row represents cDNA from a different biological replicate analysed in 2 reactions (technical duplicates) per MCMV gene. Biological replicates represent cells sorted from pooled preparations

from 1 (lung, liver, salivary glands), 2 (visceral adipose tissue) or 4 (spleen) mice per replicate.
n.d. not detected, MCMV murine cytomegalovirus, FC fibroblastic cells, My macrophages.

noted that this result does not provide evidence for the lack of reac-
tivation from VAT M@ or EC since the culture conditions used were not
optimized towards supporting survival of these cell types. As shown
for lung PDGFRa" FC, virus was recovered only from live PDGFRa" FC
from VAT and not from cell lysates (Fig. 4k, I). Thus, the virus could
reactivate from PDGFRa" FC from both lungs and VAT, with frequency
correlating with the level of IE gene transcription in these cells, which
was lower in VAT than in the lungs (Table 1). Based on the emergence of
initial GFP* cells, re-initiation of lytic gene transcription occurred
either 1.5-2 days after seeding (50% of reactivations) or no sooner than
4-5 days after seeding (40% of reactivations) (Fig. 4m). Thus, reacti-
vation events appeared to follow a biphasic kinetic. Together, these
results indicate that MCMV latently persists in PDGFRa* FC in vivo.

PDGFRa" FC are a site of lytic virus replication during primary
MCMV infection

The apparent latent persistence of MCMV in PDGFRa" FC in vivo
implied the question whether or not they could also support produc-
tive virus cycle during primary MCMV infection. To directly assess the
permissiveness of PDGFRa" FC for lytic MCMV infection, we purified
PDGFRa" FC from the lungs of naive mice and infected them ex vivo
with recombinant MCMV"“RE which expresses major IE promoter-
driven green fluorescent protein (GFP) and late gene promoter-driven
red fluorescent protein (mCherry) (Fig. 5a). Analysis of viral replication
kinetics during in vitro culture demonstrated that PDGFRa" FC are
permissive for lytic MCMV infection (Fig. 5b, ¢). To address this in vivo,

we first investigated if lytic gene expression was induced in PDGFRa*
FC during the acute phase of infection with MCMV. Given that spleen
becomes infected with MCMV within hours following intraperitoneal
inoculation?, we isolated PDGFRa" FC from the spleens of mice 12 h
post intraperitoneal infection, and analysed the expression of viral
genes iel/3, M38 and M48(SCP) by RT-qPCR. At 12 h post infection,
splenic PDGFRa" FC expressed high levels of all three viral transcripts
at levels at least 1000-fold higher than in any tested subset of PDGFRa*
FC from latently infected mice (Table 2, see also Table 1). Therefore,
splenic PDGFRa" FC supported lytic viral transcription shortly after the
inoculation of mice with MCMV. To confirm that PDGFRa" FC also
supported productive replication of the virus in vivo, we used mice
heterozygous for Pdgfra-CreER™ knock-in allele*® (hereafter termed
Pdgfra-CreER™ (+/-), that express tamoxifen-activatable Cre recom-
binase from one endogenous Pdgfra locus while the other locus is
preserved, and infected them with a reporter virus MCMV/STOP-GFP41,
MCMVSTOPCFP yndergoes deletion of the stop cassette preventing
GFP expression in cells that express active Cre recombinase and was
used previously with Tie2-Cre or Alb-Cre mice to define virus replica-
tion in endothelial cells or in hepatocytes”. Following the infection of
Pdgfra-CreER™ (+/-) mice with MCMV™STOPSFP it js expected that the
viruses that replicate in PDGFRo" FC become genetically recombined
so their progeny gives rise to GFP* plaques on monolayers of MEFs.
Pdgfra-CreER™ (+/-) mice were infected with MCMV1STOPG vig the
intraperitoneal route on day O, fed tamoxifen from -1 to 3 days post
infection to activate the Cre recombinase, and sacrificed on day 4 post
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Fig. 4 | MCMV establishes latent infection in PDGFRa" FC in vivo. Ex vivo virus
reactivation assay from PDGFRa" FC purified from (a-f), the lungs of mice latently
infected with MCMV administered intranasally or (g-m), from the VAT of mice
latently infected with MCMV administered intraperitoneally. a Experimental design
for (b-d). e Experimental design for (f). g Experimental design for (h-j, m).

k Experimental design for (I). b, d, f, i, j, | Frequency of viral outgrowth from wells
with indicated cells. Biologically independent replicates are from 1 to 2 mice per

replicate. Numbers on the right side are the proportion of wells with virus out-
growth for the indicated biological replicate. ¢ Representative immuno-
fluorescence image showing detection of viral IE1 protein. h Representative
fluorescence microscopy image of a GFP* plaque that arose in the ex vivo reacti-
vation assay. m Kinetic of re-initiation of viral lytic cycle. Shown is the proportion of
wells in which GFP signal had first emerged at the indicated time-point.

infection (Fig. 5d). Organ lysates from the spleen, VAT, liver and lungs
were used to determine the frequency of GFP* plaques. On day 4 post
infection, GFP* virus was detected as ~10% of plaques in the liver, ~20%
in the VAT and ~-50% in the spleen and lungs, although in the latter
organ the percentage of GFP* plagues could only be reliably measured
in 5 out of 10 samples due to generally low infectious virus titer in this
organ (Fig. 5e, f). The emergence of GFP* virus was entirely dependent
on the presence of Cre recombinase since similar virus titer but no
GFP* plaques were found in organs of infected Cre-negative littermate
controls (Supplementary Fig. 5a-b). Thus, multiple organs contained
the progeny of viruses that had replicated in PDGFRa" cells, indicating
that PDGFRa" FC play a role in MCMV in vivo replication. Of note, given
that MCMV may have spread from the sites of initial replication within
4 days, it is not possible to distinguish whether the virus had replicated

in PDGFRa" FC present in the given organ or elsewhere. In sum,
PDGFRa" FC supported both productive infection and latent MCMV
persistence in vivo.

Statl is required for MCMV genome persistence in fibroblastic
cells in vivo

Next, we sought to identify host pathway/-s that affect MCMV’s ability
to latently persist in PDGFRa" FC in vivo. We hypothesized that the
same signal/-s that inhibit lytic cycle entry by MCMV may con-
comitantly enable the virus to establish and/or maintain latent infec-
tion. Since IFN@ is sufficient to silence IE transcription®’, we chose to
assess the putative involvement of STAT1, which crucially mediates
responses to IFNs™ by testing lytic and latent MCMV infection in Stat1”
~mice. To circumvent the caveats linked to the increased sensitivity of
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Table 2 | Quantification of viral mRNAs in cell populations from acutely infected mice by RT-qPCR

Type of infection Cell type Estimated number of cells per reaction MCMV transcript copies detected per reaction

ie1/3 M38 M48(SCP)
12 h after intraperitoneal infection ~ Spleen PDGFRa* FC 7944 219,224 211,938 411,485 411,485 61,694 61,289
Uninfected Spleen PDGFRa* FC 6113 n.d. n.d. n.d. n.d. n.d. n.d.

cDNA isolated from pooled cell preparations from 4 mice was analysed in 2 technical duplicates per MCMV gene.

n.d. not detected, MCMV murine cytomegalovirus, FC fibroblastic cells.

StatI”~ mice to MCMV, we generated and used a single-cycle GFP-
reporter MCMV mutant, which we name MCMV“¢-%"", To this effect we
disrupted the gene for the essential virion glycoprotein L (gL/M115) in
our GFP reporter virus, MCMVEP29 o 3 Am157 background. MCMVs
lacking gL can be propagated in gL-complementing cells, to generate
virus stocks consisting of pseudotyped gL* virions that are able to

infect and replicate for one cycle in gL deficient cells, whereupon their
progeny virions will lack the gL and thus cannot spread further to other
cells****, As shown in Fig. 6a, WT and StatI”~ mice were infected with
MCMV2eLS followed by analysis of lytic infection and latent persis-
tence of the virus respectively at 22 h and 60 days post infection in
fibroblastic cells in the spleen, which are known to be directly infected
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Table 3 | Quantification of viral mMRNAs in cell populations from WT and Stat1’~ mice by RT-gPCR

Type of infection Cell type Estimated number of cells per MCMV transcript copies detected per reaction
reaction ie1/3 M38 M48(SCP)
22 h after intravenous infection with GFP* WT red 310 72,214 73,673 677,316 713,744 65,231 60,544
MCMya-e% R 470 151,387 139,745 1253481 1,278,349 100,668 114,507
201 35,075 31,316 369,285 355,057 42,951 42,372
GFP* StatT”" red 242 82,357 79,127 1,208,111 1,281,450 102,291 98,214
EE A 311 41163 36,264 710,806 724,908 44131 44,734
518 59,401 65,214 905,681 999,157 66,734 65,391
60 days after intraperitoneal infection with WT red pulp FC 21,864 n.d. n.d. n.d. 4 n.d. n.d.
MCM\VAe-GFP
18,811 n.d. n.d. n.d. n.d. n.d. n.d.
17,837 n.d. n.d. n.d. n.d. n.d. n.d.
16,063 n.d. n.d. n.d. n.d. n.d. n.d.
18,503 n.d. n.d. n.d. n.d. 15 n.d.
Stat1”" red pulp FC 23,573 n.d. n.d. n.d. n.d. n.d. n.d.
21,565 n.d. n.d. n.d. n.d. n.d. n.d.
17,029 n.d. n.d. n.d. n.d. n.d. n.d.
25,591 n.d. n.d. n.d. n.d. n.d. n.d.

Each row represents cDNA from a different biological replicate analysed in 2 reactions (technical duplicates) per MCMV gene. Biological replicates represent cells sorted from a single mouse in a
single experiment (22 hours post infection) or cells sorted from pooled preparations of 2 mice and are from 2 independent experiments (60 days post infection).

n.d. not detected, MCMV murine cytomegalovirus, FC fibroblastic cells.

by MCMV virions injected intraperitoneally or intravenously”. We
focused specifically on red pulp FC, firstly because their high MCMV
genome content during in vivo latency offered a broad dynamic range
and secondly, to eliminate confounding effects due to a potential
change in the composition of spleen stromal cells in StatI”~ mice. Since
Ly6C is an IFN-regulated gene, Ly6C" red pulp FC were identified as
PDGFRa'BST-1"CD146™ FC, as previously reported”. The abundance of
red pulp FC was comparable between WT and Statl” mice (Supple-
mentary Fig. 6a). At 22hours after intraperitoneal injection of
MCMV2eLP Srat1”~ mice showed a higher percentage of GFP* red pulp
FC (unpaired t-test, degrees of freedom = 4, p=0.025, 95% CI of the
difference = 0.4917-4.295) (Fig. 6b, c). This phenotype was not a result

of putative differences in the transport of the virus from the perito-
neum to the spleen between WT and StatI”~ mice since the percentage
of GFP* red pulp FC was also elevated in StatI”~ mice following intra-
venous injection of MCMV'“* (unpaired t-test, degrees of freedom =
4, p=0.0324, 95% CI of the difference = 0.2798-3.807) (Fig. 6d).
Consistent with being lytically infected, GFP* red pulp FC sorted from
WT and Stat1”~ mice 22 h post infection expressed high levels of iel/
ie3, M38 and M48(SCP) transcripts (Table 3). Therefore, more red pulp
FC became lytically infected in the absence of STATL. At 60 days post
infection (Fig. 6e), red pulp FC were devoid of GFP* cells (Fig. 6f) and
viral gene expression was silenced (Table 3). Notably, whereas MCMV
genomes persisted in red pulp FC from WT mice, red pulp FC were
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depleted of MCMV genomes in StatI”~ mice (unpaired t-test with
Welch’s correction, degrees of freedom = 4.126, p = 0.0015, 95% CI of
the difference=-402.4 to -185.8) (Fig. 6g). This difference was not
present at the onset as indicated by the undiminished viral genomic
loads in both GFP* and GFP red pulp FC from StatI”~ mice at 22 h post
infection (Supplementary Fig. 6b). Together, the above data implicate
a dual role of STATI as a negative regulator of lytic MCMV infection
and a positive regulator of latent MCMV persistence in fibroblastic
cells in vivo. Whether the Stat1l-dependency of latent MCMV persis-
tence in fibroblastic cells in vivo results from putative direct regulation
of MCMV latency by STATI or whether it is due to other putative cell
intrinsic or extrinsic effects of STATI, such as regulation of infected
cell survival or their immune control, will require clarification by future
studies.

Discussion

This work provides a comprehensive characterisation of the distribu-
tion of MCMV genomes in multiple tissue-resident cell types across
numerous organs during MCMV latency in vivo, and the demonstra-
tion of latent MCMV persistence in fibroblastic cells. Latent MCMV
persistence in PDGFRa* FC was not restricted to a single organ but
represented a wide-spread phenomenon engaging many organs, sug-
gesting that fibroblasts are a physiologically relevant, and in some
organs may be a major site of MCMV latency. Our findings are not in
opposition with previous identification of endothelial cells and mac-
rophages as cellular sites of MCMV latency in vivo but rather confirm
and extend previous knowledge by broadening the scope of tissues in
which these cell types were tested for MCMV genome presence. In our
model, which involved infection of adult C57BL/6 mice with tissue
culture-derived MCMV, we found the content of MCMV genomes in
monocytes to be below 10 copies per 100,000 cells at 5 months post
infection. This is similar to a recent study by Liu et al., in which 3-week-
old BalbC mice were infected with MCMV Smith strain and analysed
3-6 months later, where the MCMV genome load in monocytes was
more robust but still not higher than 10 copies per 100,000 cells’. It
has been suggested that the presence of latent HCMV in endothelial
cells may be a consequence of transdifferentiating latently infected
myeloid progenitor cells*’, which might in theory explain our obser-
vations. However, the scarcity of viral genomes in monocytes in rela-
tion to tissue-resident cells, argues against this explanation in MCMV
latency. Furthermore, given modern knowledge about the origin of
fibroblastic cells in the mouse we deem this scenario very unlikely for
MCMV. It is currently well established that CD45PDGFRa* or PDGFRB*
fibroblastic cells found in mouse organs under homeostatic conditions
are mesenchymal-derived and not a progeny of circulating progenitors
originating from hematopoietic or mesenchymal BM-derived stem
cells”. Although differentiation of monocyte/Md-like cells into fibro-
blasts has been documented in the context of organ injury or
fibrosis*®*’, the low MCMV content of monocytes and M¢ in most
studied organs is at odds with the high enrichment of CD45PDGFRa*
for MCMV genomes observed in our study. An alternative hemato-
poietic source of fibroblast-like cells in a perturbed state can be
CD34"Collal” fibrocytes, but they and their progeny were excluded
from our analysis based on their positivity for CD45*. Thus, available
indirect evidence strongly suggests that MCMV not only latently per-
sist in but also latently infects CD45"PDGFRa* FC.

Notably, PDGFRa" FC also became lytically infected by the virus
and contributed to its in vivo replication during the acute stage fol-
lowing primary infection. These findings shed light on the role of
fibroblasts in MCMV’s life cycle in vivo by showing that not only does
this cell type support viral lytic cycle, as previously understood, but it
nevertheless serves as the site of latent MCMV persistence. It is
important to note that the above conclusion can only be inferred for
the entire population of PDGFRa" FC from a given organ, but not on a
single-cell basis. PDGFRa" FC are known to be heterogenous® and it is

entirely possible that lytic and latent infection are allocated to distinct
subsets or maturation stages. Additional studies involving single-cell
transcriptomics will be required to resolve this matter in the future.

While our study was focused on demonstrating bone-fide latent
virus persistence in fibroblastic cells and identification of a cellular
signalling pathway on which it is critically dependent, several impor-
tant follow-up questions remain that lie outside of the scope of the
current project. For instance, although our studies in StatI”~ mice
unravel that STAT1 is required to enable latent persistence of MCMV in
fibroblastic cells in vivo, we did not determine whether or not this
requirement is cell intrinsic. To decipher this, mice bearing conditional
deletion of Statl in fibroblasts will need to be implemented. Should
STATI be specifically required in fibroblasts, it will further need to be
clarified whether it directly regulates viral latent persistence. Addres-
sing these questions will require careful probing of single-cell tran-
scriptomes of fibroblastic cells at various time points after infection
in vitro or in vivo. Regardless of the results of future investigations
addressing these outstanding questions, it is important to observe that
the data generated in the course of this study unravel that one of the
most prominent antiviral host factors, which is crucial for the resolu-
tion of virus infections and host survival, concomitantly enables a
herpesvirus to latently persist in its host, at least in certain cell types. In
sum, the findings of this study significantly broaden our understanding
of the functions of murine STAT1 during in vivo infection with a -
herpesvirus.

Methods

Mice

C57BL/6Jr) mice were purchased from Janvier Labs. B6.129S-
Pdgfra™- /R85l mice** on C57BL/6) background were purchased
from the Jackson Laboratory (IMSR_JAX:032770) and used in com-
parison to littermate controls. StatI”~ mice on C57BL/6N background*
and C57BL/6N controls were kindly provided by Birgit Strobl and
Mathias Miiller, University of Veterinary Medicine Vienna, Vienna,
Austria. Mice were bred and maintained under specific pathogen free
(SPF) conditions according to Federation of European Laboratory
Animal Science Associations (FELASA) guidelines at central animal
facility of HZI Braunschweig, Germany; Faculty of Medicine, University
of Rijeka, Croatia, and University of Veterinary Medicine Vienna, Aus-
tria. Animal procedures were approved as due by The Lower Saxony
State Office of Consumer Protection and Food Safety; by The Ethics
Committee at the Faculty of Medicine, Rijeka and Ethics Committee of
the Veterinary Department of the Ministry of Agriculture, Croatia, and
by the Ethics and Animal Welfare Committee of the University of
Veterinary Medicine Vienna and the Austrian Federal Ministry of Sci-
ence and Research. Mice were maintained on a 12-h light and dark cycle
at 21°C and 55% humidity. The study used female mice due to the
cytotoxicity of salivary gland homogenates from male mice, which
impairs virus titrations from this organ. Mice were infected at
8-10 weeks of age, except in Fig. 6 where the infection was done at
14 weeks of age. Virus was administered in 200 pl PBS intraperitoneally
or in 20 ul in PBS intranasally*®. Pdgfra-CreER™ mice received tamox-
ifen (0.1 mg/g; Sigma) diluted in corn oil by oral gavage daily from day
-1 to day 3 post-infection.

Viruses

Viral stocks were generated in tissue culture by transfecting MCMV
genome-carrying BACs into NIH3T3 cells (ATCC CRL-1658) using
FuGene HD (Promega). Reconstituted viral particles were passaged five
times on M2-10B4 cells (ATCC CRL-1972) before generating sucrose
cushion-purified viral stocks. Al MCMVs used in this study were based
on the Mck2-repaired BAC-encoded MCMV strain, clone pSM3fr-MCK-
2fl 3.3°°. MCMVES?? and MCMV1STOPCP4 were described before.
MCMV*PCRE expressing three different fluorescent proteins under the
control of endogenous viral promoters was generated by en passant

Nature Communications | (2023)14:3087

10



Article

https://doi.org/10.1038/s41467-023-38449-x

mutagenesis® using expression cassettes described earlier™. In short,
constructs encoding fluorescent reporters (EGFP, mTagBFP-NLS and
mCherry) plus a distal P2A-encoding sequence were inserted into the
start codon of IE1/3 (EGFP), E2 (mTagBFP-NLS), and SCP (mCherry).
MCMV“eSP" was generated by disrupting m157 and gL/M115 genes in
MCMV™S?  Viral genes were disrupted by frameshift mutations
induced by replacement of 38 bp of each gene’s open reading frame
(ORF) with two STOP codons targeted to the ORF’s start (gL) or after
codon 22 (m157). MCMV“¢“** was propagated in gL-expressing NIH-
3T3 cell line** (a kind gift from lan Humphreys, Cardiff University).

Cell isolation

Peri-gonadal VAT was digested with collagenase P (0.4 mg/ml), dispase
II 2mg/ml) and DNase 1 (50 ug/ml) in high-glucose GlutaMAX-sup-
plemented DMEM with 10 mM HEPES and 4% fatty acid-free BSA
(Sigma-Aldrich) for 55min at 37°C. The suspension was passed
through a 100 pm nylon mesh filter (BD Biosciences), and the floating
adipocyte fraction was removed by centrifugation at 400 x g for 6 min.
Spleen, LNs and SGs were processed according to a previously estab-
lished protocol®. In short, enzymatic treatment with collagenase P
(0.4 mg/ml), dispase Il (2mg/ml) and DNase | (50 uyg/ml) was per-
formed for 30 min at 37 °C and then repeated for an additional 20 min,
followed by incubation with 5 mM EDTA for 5 min. CD45’ cell fractions
from the spleen and LNs were enriched by depletion of CD45" cells
while splenic M¢ were enriched by positive selection of VCAM-1* cells
using MACS (Miltenyi Biotech). Lungs were injected with 2.5ml
digestion solution containing collagenase P (0.4 mg/ml), dispase Il
(2 mg/ml) and DNase I (50 pg/ml), minced with scissors and then pro-
cessed in gentleMACS Dissociator (Miltenyi Biotech) using program
“37C_m_LDK 1". Liver digestion was performed using the retrograde
perfusion technique via the inferior vena cava described by Mederacke
et al.** with modifications. Briefly, organs were in situ perfused with
10 ml of pre-warmed Liver Perfusion Medium (Gibco) followed by
injection of 20 ml of pre-warmed digestion medium (1 mg/ml col-
lagenase P, 1mg/ml dispase II, 50 pg/ml DNase I in Gibco Hank’s
Balanced Salt Solution (HBSS) with 10 mM HEPES and 1.5 mM calcium
chloride) over 5-7 min. Afterwards, organs were dissected, minced
with scissors and in vitro digested for 45min at 37°C. Non-
parenchymal cells were enriched by two rounds of centrifugation at
50 x g for 5 min whereupon only supernatant was collected.

Flow cytometry and cell sorting

Antibodies used in this study are listed in Supplementary Table 2. Dead
cells (identified using 7-AAD or Zombie Fixable Viability Kits; both from
BioLegend) and cell aggregates (identified on FSC-A versus FSC-H
scatter plots) were excluded from all analyses. Sorting was performed
on ARIA-Fusion, Aria-Il SORP or Aria-Il (BD Biosciences). Analysis was
done using FlowJo software (version 10, BD Biosciences).

Immunofluorescence

Cells were fixed in 4% (wt/vol) paraformaldehyde, permeabilized in
0.1% Triton-X and blocked with 2% BSA. Staining with anti-IE1 antibody
(IE 1.01, CapRi) was done overnight at 4 °C and was followed by incu-
bation with anti-mouse IgG (H+L) F(ab’), conjugated to Alexa Fluor
647 (Cell Signaling Technology). Images were acquired with ZEISS LSM
980 laser-scanning confocal microscope and analysed using ZEN blue
(ZEN lite) version 3.5.093.0004 (Carl Zeiss Microlmaging).

Quantification of MCMV genome load by qPCR

Quantification of MCMV genome load was performed according to the
method described by Simon et al.** with modifications. Briefly, DNA
was extracted using AllPrep DNA/RNA Micro Kit (QIAGEN), and after
elution precipitated with ethanol, washed, and resuspended in 40 pl
dH,0. Samples were assayed for viral gB and mouse Pthrp DNA copies
in technical duplicates using 9 ul of sample DNA per reaction. Serial

dilutions of 10°-10" copies per reaction of the pDrive_gB_PTHrP_Tdy
plasmid*® were used to generate standard curves for both qPCR reac-
tions. Dilutions of 10*-10" plasmid copies contained 1ng carrier RNA
(QIAGEN). QPCR was performed in a LightCycler 480 Instrument Il
(software version 1.5.0.39, Roche) using Fast Plus EvaGreen qPCR
master mix (Biotium). Cycling conditions were as follows: enzyme
activation, 2 min 95 °C, followed by 50 cycles of denaturation for 10 s
at 95°C, annealing for 20 s at 56 °C and extension for 30's at 72 °C.
Specificity of amplified sequences was validated by inspection of
melting curves. Primer sequences: Pthrp 5-ggtatctgccctcatcgtctg-3’
and 5-cgtttcttcctccaccatetg-3; gB 5-gcagtctagtegetttctge-3’ and 5-
aaggcgtggactagcgataa-3’.

Analysis of MCMV transcripts by RT-qPCR

Total RNA was extracted using AllPrep DNA/RNA Micro Kit with on-
column DNA removal (QIAGEN). cDNA was synthesized with Super-
Script IV Reverse Transcriptase and a 1:1 mixture of oligo-dT and ran-
dom oligonucleotide hexamers (Invitrogen). QPCR was performed in a
LightCycler 480 Instrument Il (software version 1.5.0.39, Roche) using
Fast Plus EvaGreen qPCR master mix (Biotium). Serial dilutions of
10°-10" copies per reaction of MCMV genome containing BAC (clone
pSM3fr-MCK-2fl 3.3*°) were used to generate standard curves. Dilutions
of 10-10* BAC copies contained 1ng carrier RNA (QIAGEN). Cycling
conditions were as follows: enzyme activation, 2 min 95 °C, followed by
50 cycles of denaturation for 10's at 95 °C, annealing for 20 s at 57°C
and extension for 30 s at 72 °C. Specificity of amplified sequences was
validated by inspection of melting curves. RT-qPCR reactions prepared
from equal amount of sample RNA but with the omission of reverse
transcriptase served as controls for the absence of carry-over viral DNA.
Primer sequences: Gapdh 5-tgtgtccgtcgtggatctga-3’ and 5-cctgettcacc
accttecttgat-3’; iel/3 5-gggcatgaagtgtgggtaca-3’ and 5’-cgcatcgaaagac
aacgcaa-3’; M38 5-cccatgtccacgttttggtg-3’ and 5'-tctcaagtgcaatcgectca-
3; M48/SCP 5’-aggacgtgttgaacttcttctce-3” and 5-tcgatgtecgtctecttcac-3'.

Ex vivo reactivation assay

FC were seeded into fibronectin-coated 96 Half Area Well Flat Bottom
Microplates (Corning) (lung FC) or gelatin- or fibronectin-coated 96
Well Flat Bottom Microplates (Greiner Bio-One) (VAT FC) at a density
of 100,000 cells per well in culture medium (high-glucose DMEM
supplemented with 1% (vol/vol) GlutaMAX, 10 mM HEPES, 50 pM 2-
mercaptoethanol, 200 U/ml penicillin, 200 U/ml streptomycin, 50 pg/
ml gentamicin and 5% FCS) and incubated in a humidified incubator
under 5% CO, and at 37 °C for 7 days without replacing the medium.
Cell lysates prepared in gentleMACS M Tubes for tissue homogenisa-
tion using gentleMACS Dissociator (Miltenyi Biotech, program
“mlung_02") were assayed in parallel by incubation with MEFs. To track
the emergence of GFP* cells, plates were imaged with IncuCyte S3
v2021B automated fluorescence microscope (Sartorius). After 7 days,
plates were directly inspected for the presence of plaques and addi-
tionally, the culture supernatant from each well was tested for the
presence of infectious virus by plaque assay on MEFs. To ensure
detection of even minimal amounts of virus*, following the addition of
the supernatant, MEFs were spun down at 800 x g for 30 min and then
incubated at 37 °C for another 30 min. Afterwards, the inoculum was
removed and the cells overlaid with medium containing 0.75% (wt/vol)
methylcellulose (Sigma). After 4 days at 37 °C, the plates were exam-
ined for the presence of plaques under an inverted microscope.

Ex vivo infection of cells

Lung-derived FC at 80% confluency were infected with MCMV**¢R® at
an MOI of 0.1 for an hour at 37 °C. Afterwards, the medium was
changed to cultivation medium (high-glucose DMEM (Gibco) sup-
plemented with 1% (vol/vol) GlutaMAX, 10 mM HEPES, 50 uM
2-mercaptoethanol, 200 U/ml penicillin, 200 U/ml streptomycin,
50 pg/ml gentamicin and 5% FCS). Supernatants were collected from
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a different set of wells every 24 h until 5 days post infection and
stored at —80 °C. In addition, plates were imaged with IncuCyte S3
v2021B automated fluorescence microscope (Sartorius). Titration of
the virus was done by infecting MEF cell monolayers grown in 48-well
plates with serially diluted supernatants for an hour at 37°C.
Thereupon, the inoculum was removed, and the cells were overlaid
with a culture medium containing 0.75% (wt/vol) methylcellulose
(Sigma). Plaques were counted following incubation of cells for
4 days at 37°C.

Statistics and reproducibility

Statistical analysis was performed with GraphPad Prism 9. Results were
reproduced by at least two independent experiments and all repeats
were successful. No data were excluded from the analyses. No statis-
tical method was used to predetermine the sample size. Mice were
allocated to groups based on genotype. The investigators were not
blinded to allocation during experiments as this was not deemed
necessary since the type of readouts were not subjective and also to
avoid/control for cross-contamination of the samples.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All other relevant data supporting the key findings of this study are
available within the article and its Supplementary Information
files. Source data are provided with this paper.
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