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Human cytomegalovirus (HCMV) canresultin either productive or

non-productive infection, with the latter potentially leading to viral latency.
The molecular factors dictating these outcomes are poorly understood.
Here we used single-cell transcriptomics to analyse HCMV infection
progression in monocytes, which are latently infected, and macrophages,
considered to be permissive for productive infection. We show that early
viral gene expression levels, specifically of those encoding immediate early
proteinsIE1 and IE2, are a major factor dictating productive infection. We
alsorevealed thatintrinsic, notinduced, host cell interferon-stimulated
gene expression level is amain determinant of infection outcome.

Intrinsic interferon-stimulated gene expression is downregulated with
monocyte to macrophage differentiation, partially explaining increased
macrophage susceptibility to productive HCMV infection. Furthermore,
non-productive macrophages could reactivate, making them potential
latent virus reservoirs. Overall, we decipher molecular features underlying
HCMV infection outcomes and propose macrophages as a potential HCMV

reservoir.

Human cytomegalovirus (HCMV) is a prevalent pathogen of the
beta-herpesvirus family, infecting the majority of the human popula-
tion'. HCMV establishes a latent infection that can lead to disease and
mortality upon reactivation.

A wide range of cell types can be infected?, but with variable
infection outcomes, and differentiated cells are generally more per-
missive. Cells from the myeloid lineage are thought to play a critical
role in HCMV latency and reactivation. Haematopoietic stem cells
(HSCs), granulocyte-macrophage progenitor and blood monocytes
are infected with HCMV but do not support productive infection and
are the main cells in which HCMV latency has been characterized®™.

Although bone marrow HSCs have been proposed as the long-term
HCMV latent reservoir, clinical data strongly imply that there are addi-
tionaluncharacterized sources of latent HCMV outside the bone mar-
row, probably within tissues®’”. Unlike monocytes and earlier myeloid
progenitors, terminally differentiated macrophages and dendritic cells
were shown to be permissive for productive HCMV infection®’ yet the
molecular basis for the different infection outcomes between mono-
cytes and their differentiated counterparts is not well understood.
To shed light on molecular determinants that dictate infection
outcome, we scrutinized HCMV infection progression in monocytes
and macrophages using single-cell RNA sequencing (RNA-seq).
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Fig.1| Experimental system for studying HCMV infection outcome. a, Flow
cytometry analysis of primary CD14" monocytes and monocytes differentiated
with PMA, infected with HCMV-GFP. Analysis was performed at 3 d.p.i. The
mock-infected GFP level is marked by a line. Blue and red gates mark the GFP-dim
and GFP-bright populations, respectively, and their percentages are noted. FSC,
forward scatter; M, million. b, droplet-digital PCR (ddPCR) measurements of
viral genomes from FACS-sorted GFP-bright and GFP-dim HCMV-GFP-infected
MDMs at different times post infection. The graph is representative of two
biological replicates and shows the mean and 95% confidence interval of Poisson
distribution of >10,000 PCR droplets. ¢, Measurements of infectious virus in
supernatants from FACS-sorted GFP-bright and GFP-dim HCMV-GFP-infected
MDMs, at different times post infection, p.f.u., plaque forming units. d, Flow
cytometry analysis of BAL macrophages infected with HCMV-GFPat3 d.p.i. e,
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ddPCR measurements of viral genomes from FACS-sorted GFP-bright and GFP-
dim HCMV-GFP-infected BAL macrophages at 3 d.p.i. Graphis representative

of two biological replicates and shows the mean and 95% confidence interval of
Poisson distribution of >10,000 PCR droplets. f, Experimental design. Primary
monocytes and PMA-induced MDMs infected with HCMV-GFP were processed
for scRNA-seq at 5,12,24, 48,72 and 144 h.p.i. In parallel, mock-infected cells from
5and 144 h.p.i. were also processed for scRNA-seq. g, Projection of HCMV-GFP
infected CD14* monocytes (n=803) and MDMs (n =1,815) as well as mock-
infected monocytes (n = 68) and MDMs (n = 540) from the indicated time points,
based on cellular and viral gene expression, colours indicate cell types and time
postinfection, mock-infected cells are plotted in grey. h, Projectionasing,
showingallinfected cells, coloured by percentage of viral reads per cell. Panel f
created with BioRender.com.

First, we reveal that macrophages can support both productive and
non-productive infection. By comparing these two infection out-
comes, as well as infected monocytes, we show that high early viral
gene expression levels, particularly of immediate early (IE) genes,
facilitate productive infection. On the host side, we demonstrate that
intrinsic interferon-stimulated gene (ISG) expression levels, but not

their induction upon infection, have a substantial effect on infection
outcome and are correlated with cellular differentiation. Finally, we
show that non-productive macrophages can reactivate to produce
infectious progeny. Altogether, our findings define determinants of
HCMVinfection outcomeinthe myeloid lineage and raise the possibil-
ity that macrophages can serve as latent viral tissue reservoirs.
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Results
Experimental system for studying HCMV infection outcome
We initially compared infection of monocytes with differentiated
monocytes using three treatments: phorbol myristate acetate (PMA),
granulocyte-macrophage colony-stimulating factor and interleukin
4 (GM-CSF/IL-4) and macrophage colony stimulating factor (M-CSF),
which have all been shown to trigger monocyte differentiation'*".
We used an HCMV TB4O0E strain containing a green fluorescent pro-
tein (GFP) reporter under a simian-virus 40 (SV40) promoter’, which
allows quantification of productive infection efficiency. As expected,
3 days postinfection (d.p.i.) inmonocytes, almost all of the cells show
asmallincreasein GFP, indicating that they areinfected but viral gene
expression is repressed (Fig. 1a and Extended Data Fig. 1a). Follow-
ing all differentiation-inducing treatments, infection resulted in two
distinct populations: GFP-dim, suggesting the cells were infected but
viralgene expressionis repressed; and GFP-bright, suggesting produc-
tive infection (Fig. 1a and Extended Data Fig. 1b,c). Cells within each
of the treatments displayed uniform shifts in surface expression of
macrophage/dendritic cell markers, negating the possibility that differ-
encesin differentiation efficiency within the cell populations can solely
explainthe differences ininfection outcomes (Extended Data Fig.1d).
For further experiments we primarily used PMA-derived macrophages
because they are commonly used in HCMV studies and exhibited alarge
and distinct population of GFP-bright cells (Fig. 1a). The two distinct
populationsininfected monocyte-derived macrophages (MDMs) are
not apparent in the early stages of infection (Extended Data Fig. 1e),
suggesting that they probably do not reflect two separate initial popula-
tions, butrather two different infection outcomes. Infection of MDMs,
butnotof monocytes, resulted in the production of infectious virions
(Extended DataFig. 1f), confirming productive infectionin these cells.
We verified that the GFP-dim and GFP-bright populations reflect
differentinfection outcomes by showing that GFP-bright cells are larger
than GFP-dim cells (Extended Data Fig. 1g,h), a known feature of lytic
HCMV infection. Moreover, both sorted GFP-bright and GFP-dim popu-
lations (Extended DataFig. 1i) harboured viral DNA; however, at4 d.p.i.
viral DNA load was much higher inthe GFP-bright cells (Extended Data
Fig.1j-1) and increased substantially with time in the GFP-bright, but not
GFP-dim, population (Fig. 1b). Thisindicates that viral genome replica-
tionoccursonlyin the GFP-bright population. Inaddition, GFP-bright
MDMs produce infectious virions, whereas GFP-dim cells do not
(Fig.1c). Theseresults indicate that the majority of MDMs were infected
with the virus but a productive infection only developed in some of
the cells. We further assessed infection of natural tissue myeloid cells,
collected from bronchoalveolar lavage (BAL) samples. The presence
of macrophages in these samples was verified by size, morphology
and surface-marker staining (Extended Data Fig. 1m,n). Indeed, alsoin
BAL macrophages, we observed two distinct populations of GFP-dim
and GFP-bright cells that differ in viral genome levels (Fig. 1d,e and
Extended Data Fig.10).

Single-cell RNA-seq of HCMV-infected monocytes and MDMs

Toshedlight onthe processes governing these two infection outcomes,
we analysed infected monocytes and PMA-induced MDMs from the
same donor at 5,12, 24, 48, 72 and 144 hours post infection (h.p.i.), as
well as mock-infected monocytes and MDMs at 5 and 144 h.p.i., using
single-cell RNA sequencing (scRNA-seq; Fig. 1f). Projection of all cells
according to both cellular and viral reads revealed several distinct
groups of cells (Fig. 1g and Extended Data Fig. 2a). At 5 h.p.i., infected
monocytes were grouped with mock-infected monocytes (Fig. 1g and
Extended Data Fig. 2a). Infected monocytes from 12 h.p.i. onwards
appeared asasingle population (Fig.1g) and were stratified from early
monocytes mainly based on ISG expression (Extended Data Fig. 2b).
Asexpected, viral transcriptload ininfected monocytes remained low
in all cells throughout infection (median = 0.063%; Fig. 1h), indicat-
ing lack of productive infection ™, By contrast, infected MDMs from

24 h.p.i.onwards were separated into two distinct populations (Fig. 1g)
differing in viral transcript load, reflecting two infection outcomes:
productive, in which viral transcript load increased as infection pro-
gressed; and non-productive, in which viral transcript loads were low
(median = 0.226%; Fig. 1h). MDMs from earlier time points clustered
with mock-infected MDMs (Fig. 1g and Extended Data Fig. 2a), sug-
gesting milder transcriptional changes relative to later in infection.

Two distinct infection outcomes ininfected macrophages
Because infection of MDMs results in non-productive and productive
outcomes, we focused our analysis on infected MDMs. Notably, all
mock-infected MDMs were transcriptionally distinct from the initial
monocyte population (Extended DataFig.3a) and showed anincreased
macrophage differentiation signature (Extended Data Fig. 3b) indicat-
ing that it is unlikely that the two distinct infection outcomes origi-
nate from two initially distinct populations. Projection of all infected
MDMs according to cellular and viral transcripts revealed that cells
were divided into three discernible populations (Fig. 2a). Most of the
cells from the early time points (5-12 h.p.i.) belong to a single group,
harbouringlow levels of viral transcripts and are indistinguishable with
regard to infection outcome, whereas cells from the later time points
splitinto two additional distinct groups (Fig. 2b) that differ greatly
in the level of viral transcripts (Fig. 2c,d) and in virally encoded GFP
expression levels (Extended Data Fig. 3c). The three main populations
therefore correspond to early, non-productive and productive MDMs
(Fig. 2e). Further subclustering corresponds to progressionin the given
trajectory with time post infection (Fig. 2b,e).

scRNA-seq analysis of infected BAL cells from 20 and 72 h.p.i.
demonstrated that the cells stratify into two distinct populations and
anadditional small population that expresses substantially higher viral
transcriptlevels, reflecting productively infected cells (Extended Data
Fig. 3d,e). By using an annotated reference dataset', we found that
these two populations correspond to lymphocytes, mostly T cells, and
to myeloid cells, mostly macrophages, and the productive cells origi-
nate from myeloid cells (Extended Data Fig. 3f). Analysis of the myeloid
cells demonstrated that infection of natural tissue macrophages also
resultsintwo outcomes: productive and non-productive, as reflected
by high and low viral transcript levels, respectively (Fig. 2f).

Viral IE gene expression determines infection outcome

Todelineate the contribution of cellular and viral genes to the stratifica-
tionof MDMs into distinct groups (early, non-productive, productive),
we next analysed the transcriptome solely according to cellular genes.
This analysis produced the same three distinct groups of cellsand very
similar cluster stratification, indicating that these three infection states
areassociated with corresponding changesinthe cellulartranscriptome
(Fig.3aand Extended Data Fig. 4a). There were two exceptions: cluster
5, which includes very few non-productive cells from different time
points; and cluster 7, the earliest productive cluster (Fig. 2a), when clus-
tering was based only on cellular genes, these cells clustered together
withtheearly cells (Fig. 3a). This demonstrates the first major transcrip-
tional signature that defines cells as productively infected is robust viral
gene expression, and this was also apparentin analysis of infected BAL
macrophages (Extended Data Fig. 4b). Quantification of the relative
expression of the different temporal classes of viral genes” within cells
indifferent clustersrevealsthatinthe early productive cells, compared
with their non-productive counterparts, there is high relative expres-
sion of IE genes, as well as specific induction of true early genes, but
notof other viral temporal classes (Fig. 3b and Extended Data Fig. 4c).
This suggests that expression of IE genes at early stages of infection,
at levels sufficient to induce early genes, has a major role in dictating
infection outcome. Indeed, the UL123 and UL122 transcripts thatencode
themajorIE genes, IE1and IE2, respectively, are specifically expressed
inearly productive cells (Fig. 3c). We further scrutinized the effect of IE
gene expression oninfection outcome, in macrophages derived from
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Fig.2|Single-cell transcriptome analysis of HCMV-infected macrophages. a,
Projection of 1,815 HCMV-GFP-infected MDMs at 5-144 h.p.i. coloured by cluster
assignment. Analysis was based on both cellular and viral transcripts.

b, Projections as in a, showing the cells from each time point during infection.

¢, Projection, asina, coloured by percentage of viral reads per cell. d, Percentage
ofviral reads in single MDMs from the different clusters throughoutinfection.

UMAP1

e, Distribution of the single cells between the different early, non-productive and
productive clusters throughout infection. f, Projection of 10,320 HCMV-GFP-
infected myeloid BAL cells from 20 and 72 h.p.i. coloured by percentage of viral
reads per cell. Circles and triangles mark cells from 20 or 72 h.p.i., respectively.
Analysis was based on both cellular and viral transcripts.

the monocytic cell line THP1, whose infection similarly exhibits two
outcomes (Extended Data Fig. 5a-d). Induced ectopic expression of
either UL123 or UL122, but not of a control gene (mCherry) or UL99
aviral late gene (Extended Data Fig. 5e,f), significantly increased the
percentage of productively infected cells (Fig. 3d and Extended Data
Fig. 5g). Moreover, ectopic expression of both IE genes increased the
production of infectious progeny (Extended Data Fig. 5h). The effect
of IE1was further validated in differentiated Kasumi-3 cells (Extended
DataFig. 5i).

Because scRNA-seq gives unprecedented detail on intercellular
heterogeneity, we next explored whether we can identify cellular genes
that correlate with the initial levels of viral gene expression, but we
could not detect any significant association (Extended Data Fig. 5j).
This probably reflects the relatively homogenous nature of the cells
we used, such that small differencesin gene expression are masked by
other factors, such as the amount of incoming virions", or variability
between the content of virions'®,

Induction of ISGs does not dictate infection outcome

We next examined the features that characterize the shift from early
infection to the non-productive population. The genes that were most
upregulatedinthe non-productive cells wereISGs (Extended DataFig. 6a
and Fig. 4a,b). Analysis of ISG expression versus viral gene expressionin
infected MDMs revealed that at early time points, both viral gene and ISG
expression are low. As infection progressed, most of the cellsincreased
eitherviral gene expression or ISG expression (Fig. 4c). Notably, the cells
of both trajectories were exposed to the same extracellular signals (for
example, interferons (IFNs)), because they were grown together in the
same culture dish, indicating that the induction of viral gene expression
renders the cells unresponsive to IFN signalling'”®. Because we hardly
detected infected MDMs that induced both viral genes and ISGs, this
analysis may imply that these events describe two competing determin-
isticoutcomes: induction of viral genes resulting in productive infection,
or induction of ISGs prohibiting productive infection. However, analy-
sis of the percentage of cells in the different populations at each time
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d, Flow cytometry analysis of HCMV-GFP-infected THP1-derived macrophages
overexpressing mCherry as control, UL123, UL122 or UL99. Replicate data and
statistics are shown in Extended Data Fig. 5g.

pointindicates that productive cells probably also originate from the
non-productive groupsinwhichISGswere already induced, because the
percentage of productive cells reaches numbers that cannot be explained
solely by transition from the early infected population (Fig. 4d). This
therefore suggests thatactivation of the IFN response does not forestall
establishment of productive infection and the main determinant that
governsinfectionoutcomeistheinduction of viral gene expression above
acertainthreshold. Analysis of arecent scRNA-seq dataset during HCMV
infection of fibroblasts*® demonstrated the same phenomenon (Extended
DataFig. 6b). These observations suggest that induction of ISGs by an
infected cell does not deterministically prevent the establishment of
productive infection within that cell.

Inaccordance with these results, adding IFN at the time of infec-
tion did not affect the percentage of productively infected cells (Fig. 4e
and Extended Data Fig. 6¢), despite asignificantincrease inISG expres-
sion (Extended Data Fig. 6d). Similar results were obtained in low
multiplicity of infection (MOI) fibroblasts (Fig. 4f and Extended Data
Fig. 6e). Together these results demonstrate that activation of ISGs in
response to infection may slow productive infection, but overall does
not deterministically prevent it.

Intrinsic ISG levels affect HCMYV infection outcome
Analysis of monocytes compared with non-productive MDMs showed
similarly low viral gene expression but revealed higher ISG expression
level even at the earliest infection stage likely before IFN response initi-
ates (Fig. 4g). Further analysis of mock-infected monocytes, MDMs and
fibroblasts?’ revealed that intrinsic levels of ISGs (in mock-infected cells)
in fibroblasts are lower than in MDMs, which in turn are lower thanin
monocytes (Fig.4h),and thereis aninverse correlation between intrinsic
ISG levels and viral gene expression levels at early stages of infection
(Fig. 41). Because the permissiveness for productive infection s tightly
linked to the differentiation state”*?, we examined the link between
intrinsic expression of ISGs and differentiation state. Indeed, intrinsic
levels of many ISGs decrease with differentiation of monocytes to MDMs?
(Fig. 4j,k) and with differentiation of haematopoietic cells in the bone
marrow”** (Extended Data Fig. 7a), suggesting a close link between
intrinsic levels of ISGs, differentiation and permissiveness to produc-
tive HCMV infection.

To explore whether thelevels of ISGs at the time of infection affect
infection outcome we tested the effect of IFN pretreatment on HCMV
infection. Addition of IFN 24 h before infection of MDMs or fibroblasts
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eliminated productive infection (Fig. 4e,fand Extended DataFig. 7b-d),
blocked viral DNA replication (Extended Data Fig. 7e) andled to a
reduction in viral gene expression at 12 h.p.i. (Fig. 41). These results
indicate that ISGs act to block the virus at the stage of IE viral gene
expression or earlier.

We next sought to test whether reducing intrinsic ISG levels
would indeed affect infection outcome. Intrinsic levels of ISGs may
originate from low basal levels of IFN signalling; however, pretreat-
ment of MDMs with ruxolitinib, a potent and selective Janus kinase
land2inhibitor, did not affect the intrinsic levels of ISGs (Extended
Data Fig. 7f) and correspondingly did not affect infection out-
come (Extended Data Fig. 7g). It was recently suggested that basal
expression of ISGs is controlled by preformed signal transducer and
activator of transcription 2-interferon regulatory factor 9 (STAT2-
IRF9) complexes, independent of IFN receptor signalling®. Indeed,
depletion of IRF9 or STAT2 using CRISPR-Cas9 in THP1-derived
macrophages (Extended Data Fig. 7h) reduced the intrinsic expres-
sion of many ISGs (Fig. 4m) and led to anincrease in the percentage
of productivelyinfected cells (Fig. 4n and Extended Data Fig. 7i). This
effect was not diminished by addition of ruxolitinib at the time of
infection (Extended Data Fig. 7j), illustrating it is due to reductionin
intrinsic ISGs rather thanreduced induction of ISGs following infec-
tion. Overall, these results indicate that intrinsic expression of ISGs,
which decrease upon differentiation, plays a major role in dictating
HCMV infection outcome.

Productive HCMV infection disrupts macrophage identity

We next analysed cellular transcriptional changes and revealed that
several pathways known to be modulated during HCMV infection in
fibroblasts were significantly enriched in productive MDMs, includ-
ing metabolism, cell cycle and translation pathways (Fig. 5a)*"*%. As
mentioned above, non-productive MDMs significantly induced, mainly
and most robustly, ISGs.

Several pathways were suppressed in productive MDMs, including
some that are associated with immune signalling or common mac-
rophage functions, such as antigen presentation and phagocytosis, as
wellasgenesrelated to haematopoietic cell lineage (Fig. 5a). RNA-seq
on infected BAL macrophages showed that similar pathways related
to immune signalling and macrophage identity are indeed signifi-
cantly suppressed in productively infected BAL macrophages and ISGs
are strongly induced in the non-productively infected macrophages
(Extended Data Fig. 8a). The disruption of macrophage identity and
function was further supported by a reduction in surface levels of
CD11b, a prominent macrophage marker, in productively infected

MDMs, induced by either PMA or M-CSF (Fig. 5b and Extended Data
Fig. 8b-d), as well as reduced phagocytosis activity in these cells
(Fig. 5c and Extended Data Fig. 8e,f). These results show, both on the
transcriptional and functionallevels, that productive HCMV infection
disrupts macrophage identity and function.

Viral gene expression in HCMV-infected MDMs

We next examined viral gene temporal expression during productive
and non-productive infection. For the productive MDMs we binned
the cells according to percentage of viral reads to reflect progression
duringinfection. This was followed by hierarchical clustering, revealing
atemporal expression cascade in productive MDMs that is similar to
that seenin fibroblast infection® (Fig. 6a, left heatmap). This analysis
reflects relative expression patterns; that is, how each viral gene is
expressed relative to all other viral genes. At the absolute level, almost
allviralgenesincreasein their expression levels as infection progresses
(Extended Data Fig. 9a). In non-productive MDMs, despite viral tran-
scriptlevels beinglow throughoutinfection, they increase slightly with
time (Fig. 6b), unlike infected monocytes (Extended Data Fig. 9b)".
To exclude the possibility that this apparent increase in viral reads
originates from low-level cross-contamination from productive cells,
we conducted another experiment in which only GFP-dim cells were
processed at 72 and 144 h.p.i., which further demonstrated a small
increase in viral transcript levels (Extended Data Fig. 9¢). Neverthe-
less, analysis of viral gene expressionin non-productive cells through-
out infection revealed broad gene expression with no clear kinetic
programme (Fig. 6a, right heatmap).

Non-productive MDMs reactivate and release infectious virus
Theobservation thatviralgene expressionis maintained at higher levels
innon-productive macrophages compared with monocytesindicates a
less-repressed state in the former. Furthermore, in culture, these cells
survived forrelatively long periods (Extended DataFig. 9d); in vivo mac-
rophages can also be long-lived cells?. We therefore tested whether the
virusresidinginnon-productive MDMs, differentiated either by PMA or
M-CSF, could reactivate. We did not observe any spontaneous reactiva-
tion; however, additional stimulation with either PMA or lipopolysaccha-
ride (LPS) at 7 d.p.i. resulted in reactivation and the release of infectious
virus (Fig. 6¢ and Extended Data Fig. 9¢,f). Moreover, IFN-pretreated,
infected MDMs, which as described above are non-productively infected,
alsoreactivatedwhenPMAwasadded at7 d.p.i.,and released infectious
virus (Fig. 6d and Extended Data Fig. 9g). It is noteworthy that in these
cells there was some low-level reactivation in the absence of additional
stimuli, which is in line with previous findings™.

Fig. 4 |Intrinsic ISG levels, but not their induction, affect infection outcome.
a, Projection of infected MDM s (as in Fig. 2a) coloured by the expression level
of ISGs. b, Expression level of ISGs in single MDMs from the different clusters.
The boxplot shows standard parameters (median, Q1-Q3, 1.5 interquartile
range). Pvalues calculated by one-tailed t test on the cells ina group of clusters
as marked are indicated. See Methods for the number of cells in the analysis.

¢, Viral gene expression level versus ISG expression level, in single MDMs at
different times post infection. The percentage of each group of cells at the given
time pointisindicated. d, Flow chart describing the transition of cells between
the early, non-productive and productive groups during infection. e,f, Flow
cytometry analysis of HCMV-GFP-infected MDMs (e) or fibroblasts (f) either
untreated, treated with IFNs at the time of infection (HCMV + IFN) or treated
with IFNs 24 h before infection (IFN-HCMV). Mock-infected cells are shown as
controls. Replicate data and statistics are shown in Extended Data Figs. 6¢,e and
7b,c. g, Viral gene expression level versus ISG expression level in single infected
monocytes, early and non-productive MDMs at different times post infection.
h, ISG expression level in mock-infected monocytes and MDMs as measured
from the scRNA-seq data and in mock-infected fibroblasts™. Violin plot shows
themedian, Q1-Q3 (box), distribution of values (violin) and outliers.n =897
(fibroblasts), 258 (MDMs) and 25 (monocytes). Pvalues calculated by one-tailed
ttest between cells of different types as marked are indicated. i, ISG expression

level in mock-infected cells versus viral gene expression level at early stages of
infection (12 or 20 h.p.i.,in monocytes/MDMs and fibroblasts, respectively). j,
Expression levels of different ISGs in cells during differentiation trajectory from
monocytes to MDMs. Data taken from Song et al.”. Violin plot shows the median,
Q1-Q3 (box), distribution of values (violin) and outliers. Pvalue calculated by
one-tailed ¢ test comparing the cellsin the first and last groups is indicated.
n=265genes.k, Cellular transcript levels in monocytes and MDMs>. TPM,
transcript reads per kilobase per million reads mapped to cellular transcripts.

1, Relative expression level of the viral transcripts UL123 and UL22A, measured
by quantitative polymerase chainreaction at 12 h.p.i., ininfected MDMs either
untreated (HCMV) or treated with IFNs 24 h before infection IFN-HCMV).
Points show measurement of biological replicates. P values calculated by one-
tailed ¢t test on the replicates are indicated. m, Differential expression analysis

of cellular genes in uninfected THP1-derived macrophages following CRISPR

KO of IRF9 (left) or STAT2 (right) compared with control CRISPR KO. Pvalues
ofthe enrichment of ISGs in the differentially expressed genes as calculated

by one-tailed hypergeometric test are indicated. n, Flow cytometry analysis of
HCMV-GFP-infected THP1-derived macrophages following CRIPSR-mediated KO
ofacontrol gene, IRF9 or STAT2. Two independent gRNAs were used for IRF9 and
STAT2. Percentage of productively infected cells is indicated for each condition.
Replicate data and statistics are shown in Extended Data Fig. 7i.

Nature Microbiology | Volume 8 | March 2023 | 455-468

460


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-023-01325-x

These results indicate that in cell culture, macrophages can be
infected in a latent-like manner, in which viral gene expression is
repressed, but the viral genome retains the ability to reactivate upon

additional stimulation. HCMYV infection following exposure to IFNs
may further lead to a similar latent-like infection that can also result

inlater reactivation.
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Fig. 5| Effects of HCMV infection on cellular pathways and macrophage
cellidentity and function. a, Summary of gene set enrichment analysis of
differentially expressed genes between each of the scRNA-seq clusters and mock-
infected cells from 5 h.p.i. using annotated Kyoto Encyclopedia of Genes and
Genomes and Hallmark pathways. Uninfected MDMs at 144 h.p.i.are shown as a
control for changes occurring over time in culture, regardless of infection. FC,
fragment crystallizable; FDR, false discovery rate; NES, normalized enrichment
score; NFKB, nuclear factor kappa B; TCA, tricarboxylic acid; TNF, tumour
necrosis factor. b, Flow cytometry of CD11b surface levels in M-CSF-induced
MDMs infected with HCMV-GFP. The blue and red gates mark the non-productive
and productive MDMs, respectively, as measured by GFP level. The inset in the
bottom left shows the distribution of CD11b levels in the two populations.

Pvalue of the decrease in mean fluorescence intensity in GFP-bright MDMs on
the measured single cells is calculated using a one-tailed ¢ test. A representative
of twoindependent replicates is shown. ¢, Phagocytic activity measured by flow
cytometry of HCMV-GFP-infected M-CSF-induced MDMs. The black line marks
the gate for identification of cells as phagocytosing. The blue and red gates mark
the non-productive and productive MDMs, respectively, as measured by GFP
level. Replicate data and statistics are shown in Extended Data Fig. 8f.

Discussion
HCMV infection canresultin different outcomes: productive infection
leading to release of infectious virus; or non-productive infection,

potentially leading to latency establishment from which the virus can
later reactivate. To identify, in an unbiased manner, determinants of
HCMV infection outcome, we analysed the progression of HCMV infec-
tion in monocytes and macrophages, which support latent and lytic
infection, respectively. Our data demonstrate that HCMV infection
of MDM s can be either productive or non-productive, allowing us to
analyse the decision point of infection outcome. We show that the
unequivocal factor associated with the earliest split of productive cells
isviral gene expression, specifically the expression of IEgenes and the
onset of early gene expression. Theimportance of IE gene expression
has been acknowledged in the past®; however, ectopic expression
of these genes in THP1 cells was previously shown to be insufficient
toinduce productive infection®. Here we show that overexpression
of UL123 or UL122 in THP1-derived macrophages shifts infected cells
towards productive infection. The notable difference between the
reports is the use of differentiated versus non-differentiated THP1
cells. Further research is needed to uncover what are the additional
barriers in non-differentiated THP1 cells and whether they extend to
primary monocytes. Thelack of a clear cellular gene expression signa-
ture associated with viral gene expression levels at the early stages of
infectionindicates thatin this experimental set-up, infection outcome
is probably determined primarily by the amount of infectious virus
entering the cell”, which will substantially affect the initial induction
of viral gene transcription.

The defining signature of non-productive MDMs is the expres-
sion of ISGs, as also shown in HSV-linfected cells*. However, our data
suggest thatinduction of ISGs following infection does not determin-
istically define infection outcome, although it does not rule out the
possibility that this slows or hampers propagation of the virus.

Instead, we reveal that intrinsic expression levels of ISGs before
infection dictate infection outcome and are associated with myeloid
differentiation state. This connection between intrinsic expression
of ISGs, differentiation and infection was noted previously for infec-
tion of embryonic stem cells with several RNA viruses*. Our results
suggest that this link could be a major contributing factor to the
cell-type-dependentinfection outcome of HCMV and potentially other
herpesviruses.

Beyond explaining cell-type differences, this effect of intrinsic
levels of ISGs could be relevant to the establishment of latency. Ina
settinginwhich notall cells areinfected, induction of IFNs by infected
cells could shift the fate of neighbouring uninfected cells towards
non-productive infection, potentially aiding the virus to seed latent
reservoirs, and perhaps also prolonging infectionin case of viral gene
silencing that can be reversed™.

Reactivation of HCMV from latency is a substantial clinical bur-
den inimmunocompromised individuals and may cause serious
and often life-threatening disease®. The only characterized HCMV
latent reservoir to date is the bone marrow HSCs*; however, clinical
data suggest that latent reservoirs might exist also in tissues’. For
many years tissue-resident macrophages were considered to be
short lived and replenished regularly by circulating monocytes.
However, mounting evidence indicates that resident macrophage
populations reside in organs and can remain for years*>”*%, Our
results demonstrate that macrophages have the potential to be
infected in a latent-like manner, in which they carry viral genomes,
repress viral gene expression and can reactivate. Natural infection
of macrophages is supported by reports of HCMV reactivation in
alveolar macrophages from healthy HCMV carriers® and of latent
murine macrophages following clearance of an acute cytomegalo-
virus infection*®, implying that tissue macrophages may also serve
as latent cytomegalovirus reservoir.

On the other hand, our analysis of productively infected mac-
rophages demonstrates adramatic effect on macrophageidentity and
function. This analysis aligns with a recent study by Baasch et al. that
showed productive murine cytomegalovirus infection of macrophages
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reprogrammes macrophage identity and disrupts their function, lead-
ing to higher susceptibility to secondary lung infection*..

These findings highlight macrophages as prospective critical play-
ers during HCMV infection both in pathogenesis at the time of acute
infection, as well as potential latent reservoirs in tissues.

Methods

Ethics statement

All fresh peripheral blood samples were obtained after approval of
protocols by the Weizmann Institutional Review Board (IRB application
92-1) and following informed consent fromthe donors. The study using
BAL fluid samples was approved by the Hadassah Medical Organiza-
tion research ethics committee in accordance with the Declaration of
Helsinki (HMO-0704-20). Writteninformed consent to retain BAL fluid
was obtained from patients undergoing bronchoscopy. Blood donors
and bronchoscopy patients were not compensated.

Cell culture and virus

Primary CD14" monocytes were isolated from fresh venous blood,
obtained from healthy donors, males and females, aged 25-45, using
aLymphoprep (Stemcell Technologies) density gradient followed by
magnetic cell sorting with CD14" magnetic beads (Miltenyi Biotec).
Monocytes were cultured in X-Vivol5 media (Lonza) supplemented
with 2.25 mM L-glutamine at 37 °C in 5% CO,, at a concentration of 1-2
million cells per mlin non-stick tubes to avoid differentiation.

Where indicated, primary monocytes were treated with the fol-
lowing treatments immediately following isolation and plating: PMA
50 ng ml™ for 3 d, GM-CSF and interleukin-4 1,000 U ml each for 6 d
with cytokine replenishing after 3 d, M-CSF 20 ng mI™ for 6 d with
cytokine replenishing after 3 d. All treatments were performed in RPMI
with10% heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine
and 100 units ml™ penicillin and streptomycin (Beit-Haemek), and
MDMs were grownin this media following treatment. 293T cells (ATCC
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CRL-3216) were maintained in DMEM with 10% FBS, 2 mM L-glutamine
and 100 units ml™ penicillin and streptomycin (Beit-Haemek). Pri-
mary human foreskin fibroblasts (ATCC CRL-1634) were maintained
in DMEM with 10% FBS, 2 mM L-glutamine and 100 units ml™ peni-
cillin and streptomycin (Beit-Haemek). THP1 cells, purchased from
ATCC (TIB-202), were grown in RPMI media with 15% heat-inactivated
FBS, 2 mML-glutamine and 100 units ml™ penicillin and streptomycin
(Beit-Haemek). Kasumi-3 cells, purchased from ATCC (CRL-2725), were
grownin RPMImediawith 20% heat-inactivated FBS, 2 mML-glutamine
and 100 units mlI™ penicillin and streptomycin (Beit-Haemek). Differen-
tiation of THP1and Kasumi-3 cells was done by adding PMA 50 ng ml ™
for 2 d. Infection and growth following infection were done in media
containing 10% FBS. IFN treatment was done with a combination of
550 U mI™ IFN-a, 700 U mI™ IFN-B and 500 U mI™ IFN-y. Ruxolitinib
treatment was done at a concentration of 4 pM.

BAL fluid was obtained from routine bronchoscopies of patients,
males and females, aged 58-82. Between 15and 40 ml of BAL fluid was
obtained from each sample and diluted by adding an equal volume
of RPMI media with 10% heat-inactivated FBS, 2 mM L-glutamine and
100 units m1™ penicillin and streptomycin (Beit-Haemek). Diluted
BAL fluid was transferred through a 70 pM filter and plated on atissue
culture dish. Adherent cells were washed thoroughly before infection.

The TB4OE strain of HCMV, containing an SV40-GFP reporter,
was described previously'. Virus was propagated by adenofection
of infectious bacterial artificial chromosome DNA into fibroblasts as
described previously*’. Viral stocks were concentrated by centrifuga-
tion at26,000g, 4 °C for 120 min. Infectious virus yields were assayed
on primary fibroblasts.

Infection and reactivation procedures

Infection was performed by incubating cells with the virus for 3 h, wash-
ing twice and supplementing with fresh media. Initial experiments with
primary non-differentiated and differentiated monocytes as well asthe
single-cellexperiments of monocytes and MDMs were done at MOI =10
to ensure infection of all the cells. Notably, because this MOl is based
on quantification of infectious particles in fibroblasts it is probably
effectively lowerin monocytic cells. The single-cell experimentsin BAL
macrophages as well as follow-up experiments in THP1- and primary
MDMs were done in MOI = 5. For reactivation assays, GFP-diminfected
MDMs were sorted at 4 d.p.i. and plated in 96-well plates (10,000 cells
perwell), IFN-pretreated MDMs were used following infection without
further sorting. At 7 d.p.i., cells were either treated, as indicated, with
50 ng mI™' PMA (Sigma), or 500 ng mI™* LPS (Sigma) or left untreated
for 3 d and then the media was replaced with fresh untreated media.
At14 d.p.i., 7 d post treatment, GFP-positive cells were counted on a
fluorescent microscope. At 18 d.p.i. 7,500 fibroblasts per well were
seeded withthe MDMs and plaque formation was followed and imaged
for aperiod of 14 d.

Flow cytometry and sorting

Cells were analysed on a BD Accuri C6 using BD Accuri Cé software or
aBD LSRII and sorted on a BD FACSAria Il using FACSDiva software.
All analyses and figures were done with FlowJo. All histograms were
plotted with modal normalization.

Measurement of viral progeny

Fibroblasts were infected with known volumes of supernatants taken
from infected cultures. The number of GFP-positive fibroblasts was
measuredat 2 d.p.i. by flow cytometry or microscopy and the number
of infectious particles per volume was calculated.

Measurement of viral genomes by digital PCR

DNA was extracted from cell pelletsinal:1 mixture of lysis solutions A
(100 MM KCl, 10 mM Tris-HCIpH 8.3 and 2.5 mM MgCl,) and B (10 mM
Tris-HCI pH 8.3, 2.5 mM MgCl,, 0.25% Tween 20, 0.25% Nonidet P-40

and 0.4 mg ml™ proteinaseK), for 60 minat 60 ° C followed by a10 min
95 *Cincubation. Measurement of viral DNA was done using the QX200
droplet digital PCR system (Bio-Rad), using FAM-labelled HCMV primer
and probe: HCMV HHV5 kit for quantitative PCR using a glycoprotein
B target (PrimerDesign); and HEX-labelled RPP30 copy number assay
for droplet-digital PCR (ddPCR) (Bio-Rad), as described previously*.
Analysis was done using Quantasoft software.

Microscopy

Imaging was performed on an Olympus Ix73 inverted fluorescent
microscope using a x4 or x10 objective and an Olympus DP73 cam-
era using CellSens dimensions software or on an AxioObserver Z1
wide-field microscope using a x20 objective and Axiocam 506 mono
camerausing ZEN software.

scRNA-seq library preparation
For primary monocytes and MDMs, single-cell sorting and library prep-
aration were conducted according to the massively parallel sScRNA-seq
(MARS-seq) protocol, as described previously**. In brief, single cells
were FACS sorted into wells of 384-well capture plates containing 2 pl
of lysis buffer and reverse transcription (RT)-indexed poly(T) primers,
thus generating libraries representing the 3’-end of messenger RNA
transcripts. Eight empty wells were kept in each 384-well plate as a
no-cell control during data analysis. Immediately after sorting, each
plate was spun down to ensure cell immersion into the lysis solution,
snap-frozenondryice and stored at—80 °C until processed. Barcoded
single-cell capture plates were prepared with a Bravo automated liquid
handling platform (Agilent). For generation of the RNA library, mRNA
from single cells was converted into complementary DNA in the cap-
ture plates and pooled by centrifugation to VBLOCK200 reservoir
(Clickbio). The pooled sample was linearly amplified by T7 in vitro
transcription, and the resulting RNA was fragmented and converted
intoasequencing-ready library by tagging the samples with pool bar-
codes and lllumina sequences during ligation, RT and PCR. Each pool
of cells was tested for library quality, and concentration was assessed
as described earlier*. In total, we analysed 871 monocytes and 2,355
MDMs. The numbers of cellsin clusters1-10 of infected MDMs are: 347,
325,232,229,33,122,53,274,117 and 83.

For BAL cells, pools 0f 10,000 cells were prepared for scRNA-seq
using the Chromium Single Cell 3’ Gene Expression v.3.1kitaccording
to the manufacturer’sinstructions (10x Genomics).

scRNA-seq data analysis

Analysis of MARS-seq data was done using the tools described in Jai-
tin et al.*’. The reference was created from the hgl9 and TB40E (NCBI
EF999921.1) strain of HCMV. Transcription units of the virus were based
onNCBIlannotations, withsome changes based onthe alignment results.
Thisincludes merging several transcripts (taking into account that the
library maps only the 3’-ends of transcripts) and adding some antisense
transcripts. Read assignment to wells was based on the batch barcode
(4 base pairs (bp)) and well barcode (7 bp) and reads with low-quality
barcodes wereremoved. The trimmed read (37 bp) was aligned with the
reference using Bowtie 2 (ref.*°), and counting of the reads was based on
unique molecular identifiers (UMls, 8 bp). For each batch, the leakage
noise level was estimated by comparing the number of UMIs in the eight
empty wells withthe total number of UMIs in the batch. The noise levels
in all batches were lower than 1.5%. Wells with fewer than 500 or more
than 5,000 expressed genes, or more than 20,000 reads were discarded.
The number of wells used for further analysis was 3,226.

For10x Genomics data, we used Cell Ranger software (v.6.1.2,10x
Genomics) with the default settings to process the FASTQ files with
the references used in the analysis of the MARS-seq data. Cells with
fewer than 500 or more than 10,000 expressed genes, or more than
30,000 reads were discarded. The number of wells used for further
analysis was 21,839.
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Allsingle-cell analyses were done using Seurat v.4.0.3 (ref. ). To
visualize single-cell datasets, we performed dimension reduction by
Uniform Manifold Approximation and Projection (UMAP), based on
bothcellularand viralgenesinFigs.1and 2 and Extended DataFig.3 or
only cellular genesinFig.3 and Extended Data Fig. 4. Clusters of MDMs
were numbered based on percentage of viral reads in the cluster, from
lowest to highest. Cluster 5 includes very few non-productive cells
from different time points and its nature is unclear, but because it is
very small, these cells were removed from all subsequent cluster-based
analyses. Annotation of the cell types in BAL samples was done using
the Azimuth application’.

Calculation of viral and cellular gene expression levelsin
single cells

Expression of asingle cellular gene oragroup of cellular genesinsingle
cellsis calculated as the percentage of reads on this gene or group of
genesoutofthetotal cellularreadsinacell. Percentage viral reads are
calculated as the percentage of reads on all viral genes of all reads ina
cell. These numbers were used for colouring UMAP plots in Figs. 1h, 2c,f
and 4a and Extended Data Fig. 3b,e, and for plots in Figs. 2d, 4b,c,g-i
and 6b and Extended Data Figs. 6b, 7a and 9b,c. The list of ISGs is the
combined list of the following gene sets: Hallmark IFN-alpharesponse,
Hallmark IFN-gamma response and Reactome IFN signalling. The list
of macrophage differentiation genes is based on the list of genes in
the GO termregulation of macrophage differentiation (GO:0045649).

Therelative gene expression level of asingle viral gene or agroup
of viral genes is calculated as the percentage of reads on this gene or
group of genes out of the total viral readsin a cell. These numbers were
used for colouring the UMAP plotin Fig. 3c and for plotsin Fig. 3b and
Extended Data Fig. 4c.

Subtraction of cross-contaminating viral reads was done in the
following way: for each plate, the level of noise was estimated from
the ratio between the average number of UMIs in eight empty wells
to the average number of UMIs in the plate. This number was used to
calculate the fraction of viral UMIs that can be attributed to leakage
between cells, and was subtracted from the number of viral reads in
all cells of the plate.

Bulk RNA-seq library preparation and alignment

For RNA-seq of THP1 cells, cells were collected with Tri-Reagent
(Sigma-Aldrich), total RNA was extracted by phase separation and
poly(A) selection was performed using Dynabeads mRNA DIRECT
PurificationKit (Invitrogen) according to the manufacturer’s protocol.
RNA-seq libraries were generated as described previously*”. mRNA
samples of 4 ng were subjected to DNasel treatment and 3’ dephospho-
rylation using FastAP Thermosensitive Alkaline Phosphatase (Thermo
Scientific) and T4 PNK (NEB) followed by 3" adaptor ligation using T4
ligase (NEB). The ligated products were used for reverse transcription
with SSllI (Invitrogen) for first-strand complementary DNA synthesis.
The cDNA products were 3’ ligated with a second adaptor using T4
ligase and amplified with eight cycles of PCR for final library products
0of 200-300 bp. Raw sequences were first trimmed at their 30 end,
removing the lllumina adapter and poly(A) tail. Alignment was per-
formed using Bowtie 1 (ref. *°) (allowing up to two mismatches) and
reads were aligned to the human (hg19). Reads aligned to ribosomal
RNA were removed. Reads that were not aligned to the genome were
thenaligned to the transcriptome.

For RNA-seq of BAL macrophages, pellets from cell sorting were
lysed in RLT buffer (Qiagen) containing 40 mM dithiothreitol. Owing
to the low number of cells, RNA-seq libraries were performed using a
modified molecular crowding single-cell barcoding and sequencing
(mcSCRB-seq)*’ adapted for bulk RNA-seq. Briefly, RNA was isolated
using SPRI beads, reverse transcription and template switching was
performed with indexed poly(T) primers in the presence of polyeth-
ylene glycol, followed by amplification of the final library.

Sixty-six base pair raw reads were aligned using STAR (v.2.7.1)*°
to concatenation of the human (hg19) and the viral genomes (NCBI
EF999921.1). Counting of reads per gene was done based on UMIs
(10 bp).

Plasmids and lentiviral transduction

UL123, UL122, UL99 or mCherry were cloned into pLVX-Puro-
TetONE-SARS-CoV-2-nsp1-2XStrep (kind gift from N. Krogan, UCSF) in
place of the SARS-CoV-2-nsp1-2XStrep cassette. UL123 was also cloned
into pLVX-EFlalpha-SARS-CoV-2-nsp1-2XStrep-IRES-Puro (Addgene
plasmid, catalogue no.141367) in place of the SARS-CoV-2-nsp1-2XStrep
cassette. The UL123, UL122 and UL99 coding sequences were amplified
from cDNA of HCMV-infected fibroblasts with primers containing flank-
ing regionshomologoustothe vector (Supplementary Table1). mCherry
was amplified from an expression plasmid using primers containing
flanking regions homologous to the vector (Supplementary Table1). The
plasmids were amplified with the appropriate primers (Supplementary
Table1). Theamplified PCR fragments were cleaned using a gel extraction
kit (Promega) according to the manufacturer’s protocol. mCherry was
cloned into the vector by restriction-free cloning® and the viral genes
were cloned into the vectors using a Gibson assembly protocol™.

CRISPR knockout (KO) was done using a CRISPR-Cas9 system, with
lentiCRISPR v2 plasmid (Addgene, catalogue no. 52961). Single guide
RNAs were cloned downstream of the U6 promoter (Supplementary
Tablel).

Lentiviral particles were generated by cotransfection of the expres-
sion constructs and second-generation packaging plasmids (psPAX2,
Addgene, catalogue no. 12260 and pMD2.G, Addgene, catalogue no.
12259), using jetPEI DNA transfection reagent (Polyplus transfection)
into 293T cells, according to the manufacturer’s instructions. At 60 h
post transfection, supernatants were collected and filtered through
a 0.45-um polyvinylidene difluoride filter (Millex). THP1 cells were
transduced with lentiviral particles by spinfection (800g, 1 h) and then
puromycin-selected (1 pg ml™) for 4 d. Puromycin was removed before
subsequent differentiation. Induction of the inducible transgene was
done by addition of 100 ng ml™ doxycycline (Sigma) 24 hbefore HCMV
infection. Kasumi-3 cells were transduced with lentiviral particles by spin-
fection (800g,1h). Because doxycyclineinduction was not successfulin
our handsinKasumi-3 cells, they were transduced with a non-inducible
version of UL123 expression plasmid and a control mCherry expression
plasmid. To avoid long-term effects of the transgene expression, no
selection step was carried out and the cells were treated with PMA 2 d
after transduction followed by HCMV infection 2 d later.

Quantitative real-time PCR analysis

For analysis of RNA expression, total RNA was extracted using
Tri-Reagent (Sigma) according to the manufacturer’s protocol. cDNA
was prepared using the qScript cDNA Synthesis Kit (Quanta Bio-
sciences) according to the manufacturer’s protocol. For analysis of DNA
levels, cellswere lysed ina1:1 mixture of PCR solutions A (100 mMKClI,
10 mM Tris-HCI pH 8.3 and 2.5 mM MgCl,) and B (10 mM Tris-HCI pH
8.3,2.5 mM MgCl,, 1% Tween 20,1% Nonidet P-40 and 0.4 mg ml™ pro-
teinase K), for 60 min at 60 ° C followed by a10-min 95 °Cincubation.
Real-time PCR was performed using the SYBR Green PCR master-mix
(ABI) on the QuantStudio 12K Flex (ABI).

Primers spanning an exon-exon junction were used for viral tran-
script quantification, for ISG transcript quantification and for the host
gene Anxa5, which was used for normalization (Supplementary Table1).

Primers for the viral UL44 gene were used to quantify viral DNA and
ahostgene (B2M) was used for normalization (Supplementary Table1).

Western blot analysis

Cells were lysed in RIPA buffer for 30 min onice and then centrifuged
at14,000g for 20 min at 4 °C and supernatant was collected. Samples
were separated by 4% to12% polyacrylamide Bis-Tris gel electrophoresis
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(Invitrogen), blotted onto nitrocellulose membranes and immuno-
blotted with the following primary antibodies: mouse anti-CMV IE1
and IE2 1:1,000 (Abcam), mouse anti-PP28 1:2,000 (EastCoast Bio),
mouse anti-mCherry1:1,000 (ChromoTek), rabbit anti-GAPDH 1:1,000
(Cell Signaling Technology), rabbit anti-IRF9 1:1,000 (Cell Signaling
Technology), rabbit anti-STAT2 1:1,000 (Cell Signaling Technology),
mouse anti-actin 1:7,500 (Sigma). The secondary antibodies were goat
anti-rabbit-IRDye 800CW and goat anti-mouse-IRDye 680RD (LI-COR
Biosciences) diluted 1:7,500. Membranes were visualized in a LI-COR
Biosciences Odyssey imaging system.

Correlation between cellular gene expression and viral gene
expression levels

For calculating the Spearman correlation between cellular genes and
viral expression levels, in each cell, the sum of viral reads was normal-
ized to the total number of reads in the cell, and the number of reads of
each cellular gene was normalized to the total number of cellular reads
in the cell. The correlation was calculated across 313 and 310 cells on
5,007 and 5,606 genes for the 5 h.p.i.and 12 h.p.i. analyses, respectively.
Genes with a total number of reads below 45 (after normalization to
5,000 reads per cell) were not included.

Differential expression and enrichment analysis

Differential expression analysis on bulk RNA-seq data was performed
with DESeq2 (v.1.22.2)** using default parameters, with the number of
readsin each of the samples as aninput. Differential expression analysis
of the sScRNA-seq was done using Seurat v.4.0.3 (ref. ).

The log,(fold change) values were used for enrichment analysis
using GSEA (v.4.1)**. For scRNA-seq data, only genes that were expressed
inatleast20% of cellsinboth groups of cellsin acomparison were used.
Forbulk RNA-seq, only genes that had at least tenreadsin each sample
were used. The gene sets that were used were Hallmark and Kyoto
Encyclopedia of Genes and Genomes from MSigDB (v.7.4).

Viral gene expression heatmaps

Viral gene expression heatmaps depict the viral gene expression level
eitherrelative tototal number of viral reads (Fig. 6a) or normalized to
the total number of reads (Extended DataFig. 9a). The expression levels
intheheatmap arerelative to the highest level of each gene. Productive
MDMs were ordered by the percentage of viral reads. The cells were
thengrouped according to the number of viral reads per binincreasing
from the lowest bin to the highest bin, to ensure a similar number of
cells per bin. The heatmap shows the 50 viral genes with the top rela-
tive expression at their highest expressing bin. Non-productive cells
were grouped according to the time post infection. In each bin/time
group, the expression level of each viral gene was calculated as the total
number of reads onthe gene divided by the total number of viral reads.

Marker staining and phagocytosis assay

Cells were stained in cold MACS buffer (PBS, 5% BSA, 2 mM EDTA).
Cell staining was done using an allophycocyanin (APC)-conjugated
anti-human CD11b (Biolegend, catalogue no. 101211), phycoerythrin
(PE)-conjugated anti-human CD11c (BD, catalogue no. 333149), or fluo-
rescein isothiocyanate (FITC)-conjugated anti-human CD14 (Miltenyi,
catalogue no.130-080-701) diluted 1:200. Phagocytosis was assayed using
aphagocytosis kit (Cayman Chemical, catalogue no. 601490) according
to the manufacturer’s instructions. The percentage of phagocytosing
cellswas calculated for the productive and non-productive populations
(asmeasured by GFP level) according to the flow cytometry gate.

Graphics

Figure 1f was created with BioRender. Flow cytometry figures were cre-
ated with FlowJo. Figure 3a and Extended Data Fig. 4b were created with
the R package ggalluvial. Figure 4d was created with R package sankey.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Sequencing data have been deposited in GEO under accession code
GSE189581. Other datasets analysed in this study: single-cell RNA-seq
dataset during HCMV infection of fibroblastsis available under acces-
sion number GSE165291; RNA-seq dataset during differentiation of
monocytes to MDMs is available under accession number GSE147314;
single-cell RNA-seq datasets during differentiation of haematopoi-
etic cells in the bone marrow are available under accession number
GSE75478 and through the Human Cell Atlas data portal at https://
data.humancellatlas.org/explore/projects/091cf39b-01bc-42e5-
9437-f419a66c8a45. Source data are provided with this paper. Corre-
spondence and requests for materials should be addressed to Michal
Schwartz.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Productive and non-productive infection in monocyte
derived macrophages. a. Gating strategy used to determine the single-cell
population for all flow cytometry analyses of GFP-HCMV infected monocytes and
PMA-induced MDMs. b. Flow cytometry analysis of primary CD14 + monocytes
treated with theindicated treatments and infected with HCMV-GFP. Analysis

was performed at 3dpi. Blue and red gates mark the GFP-dim and GFP-bright
populations, respectively, and their percentage is noted. c. Gating strategy used
to determine the single-cell population for flow cytometry analyses of GFP-
HCMV infected M-CSF and GM-CSF/IL-4 treated monocytes. d. Flow cytometry
analysis of CD11b surface expression in PMA and M-CSF treated monocytes

and of CD11c surface expression in GM-CSF/IL-4 treated monocytes compared

to primary CD14 + monocytes. Shown is a representative of two biological
replicates with similar results. e. Flow cytometry analysis of PMA-induced MDMs
at different times following infection with HCMV-GFP. f. Measurements of
infectious virus in supernatants from PMA-induced MDMs and from monocytes
infected with HCMV-GFP at different times post infection. NA, not assayed. g.
Microscopy image of PMA-induced MDMs at 3 dpi with HCMV-GFP. Scale bar is
100pum. Shown s a representative of two biological replicates. h. Flow cytometry

analysis of PMA-induced MDMs infected with HCMV-GFP at 3 dpi showing the
size, measured by forward scatter (FSC), of mock-infected, GFP-dim and GFP-
bright cells. i. Flow cytometry plot showing the gates used to sort GFP-bright
(red gate) and GFP-dim (blue gate) HCMV-GFP infected PMA-induced MDMs at 4
dpi.j. digital droplet PCR (ddPCR) results of GFP-dim and GFP-bright HCMV-
GFP infected PMA-MDMs at 4 dpi. Upper panel shows detection of viral DNA,
lower panel reflects detection of cellular genomes. The magenta line marks the
threshold. k-1. Measurements of viral genomes by ddPCR from GFP-dim and
GFP-bright FACS-sorted populations of monocytes treated with M-CSF (i) or
GM-CSF/IL-4 (j). ddPCR graphis a representative of two biological replicates
and shows the mean and 95% confidence interval of poisson distribution of
>10,000 PCR droplets. m. Microscopy image of HCMV-GFP infected BAL cells at
2dpi. Scale baris 10pm. Shown is a representative of four biological replicates.
n. Flow cytometry analysis of CD14 surface expression in BAL cells enriched for
macrophages. Stained and unstained cells are in green and gray, respectively. 0.
Gating strategy used to determine the single-cell population for flow cytometry
analyses of GFP-HCMV infected BAL macrophages.
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Extended Data Fig. 2| Single cell transcriptome analyses of HCMV infected
monocytes and MDMS. a. Projection of mock-infected and HCMV-GFP infected
CD14 + monocytes (n = 68 and n = 803, respectively) and MDMs (n = 540 and

n =1815, respectively) from the indicated time points, based on cellular and
viral gene expression, colors indicate cell types and time post infection HCMV-
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infected cells are plotted in gray. b. Heatmap depicting the 40 most significantly
increased genes between Shpiinfected and mock-infected monocytes and 12hpi-
144hpiinfected monocytes. ISGs are highlighted in bold. Z-scores of the log of
the expression values are shown.
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Extended Data Fig. 3| Features of single infected MDMs and BAL cells. a.
Projection of 283 mock-infected monocytes and MDMs at 5 hpi colored by cell type.
b.Projections asin a, colored by the expression level of macrophage differentiation
genes. c. Levels of viral reads versus GFP reads in single HCMV-GFP infected MDMs.

d. Projection of 21,839 HCMV-infected BAL cells from 20 and 72 hpi colored by time
postinfection. Analysis was performed based on both cellular and viral transcripts.
e.Projectionasind, colored by percentage of viral reads per cell. f. Projection asind,
colored by cell identity annotation based on reference datasets'.
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Extended Data Fig. 4 | High expression of viralimmediate early genes

characterizes early productive MDMs. a. Projection of HCMV-GFP infected
MDMs at 5-144 hpi, analyzed based solely on cellular transcripts and colored by

cellular genes (right). Each cellis represented by a single line. The different non-
productive cell clusters are colored in blue colors. Productively infected cells
and clusters are colored in red. c. Relative expression levels, in the different MDM

cluster assignment. b. Cluster assignment of each BAL myeloid cell according to

analysis based on both viral and cellular genes (left) or on analysis based solely on

clusters, of viral genes from temporal classes 3-7 based on®.
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Extended DataFig. 5| Ectopic expression of IEgenes in THP1derived
macrophages drives productive infection. a. Flow cytometry analysis of THP1
derived macrophages (DMs) infected with HCMV-GFP. Analysis was performed
at 3dpi. Blue and red gates mark the GFP-dim and GFP-bright populations,
respectively. b. ddPCR results of GFP-dim and GFP-bright HCMV-GFP infected
THP1DMs at 4 dpi. Upper panel shows detection of viral DNA, lower panel
reflects detection of cellular genomes. The magenta line marks the threshold.
c.ddPCR measurements of viral genomes from FACS-sorted GFP-bright and
GFP-dim HCMV-GFP infected THP1 DMs at different times post infection.
Graphis arepresentative of two biological replicates and shows the meanand
95% confidence interval of poisson distribution of >10,000 PCR droplets. d.
Measurements of infectious virus in supernatants from FACS-sorted GFP-bright
and GFP-dim HCMV-GFP infected MDMs, at 5dpi. Points show measurements of
biological replicates. p-value as calculated by one-tailed t-test on the replicates,
isindicated. e.IE1/IE2 and mCherry protein levels at 8hpi visualized by western
blotin THP1DMs ectopically expressing UL123, UL122 or mCherry as control.
GAPDH is shown as loading control. Shown is a representative of two biological
replicates with similar results. f. pp28 (pUL99) and mCherry protein levels at 8hpi

visualized by western blot in infected THP1 DMs ectopically expressing UL99 or
mCherry as control. GAPDH is shown as loading control. mCherry blot is from the
same samples runon a different gel. Shown is a representative of two biological
replicates with similar results. g. Percentage of productively infected cells in
infected THP1DMs ectopically expressing mCherry (control), UL123, UL122 or
UL99. Points show measurement of biological replicates. p-values as calculated
by two-sided t-test on the replicates are indicated. h. Measurements of infectious
virus in supernatants from THP1 DMs ectopically expressing UL123, UL122 or
mCherry as control, at 8dpi. Points show measurements of biological replicates.
p-values as calculated by one-tailed t-test on the replicates, are indicated. i.
Percentage of productively infected cells in infected PMA-treated Kasumi-3
ectopically expressing UL123 or mCherry as control. Points show measurement
of biological replicates. p-values as calculated by one-tailed t-test on the
replicates areindicated. j. Distribution of the Spearman correlation coefficients
between cellular transcript levels and viral gene expression level (left panels) or
UL123 and UL122 expression levels (right panels), in early HCMV-GFP infected
MDMs from Shpi (top panels) or 12 hpi (bottom panels). The black line marks the
matching normal distribution.
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Extended Data Fig. 6 | Induction of ISGs does not dictate infection outcome. a.

Heatmap depicting the 40 most significantly increased genes in non-productive
MDMs compared to early MDMs. ISGs are highlighted in bold. Z-scores of the
log of the expression values are shown. b. Viral gene expression level versus

ISG expression level in single HCMV-infected fibroblasts at different times post
infection. Data taken from®. The percentage of each group of cells in the given
time pointis indicated. c. Percentage of productively infected MDMs either
untreated (HCMV), or treated with IFNs at the time of infection (HCMV +IFN).
Points show measurements of biological replicates. p-value of the decrease in
productively infected MDMs following interferon treatment, as calculated by
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one-tailed t-test on the replicates, is indicated. d. Relative expression level of
representative ISGs, measured by qPCR, ininfected MDMs either untreated
(HCMV) or treated with IFNs at the time of infection (HCMV + IFN), at 8 and 24 hpi.
Points show measurements of biological replicates. p-values as calculated by one-
tailed t-test on the replicates are indicated. e. Percentage of productively infected
fibroblasts either untreated (HCMV), or treated with IFNs at the time of infection
(HCMV +IFN). Points show measurements of biological replicates. p-value of the

decreasein productively infected fibroblasts following interferon treatment, as
calculated by one-tailed t-test on the replicates, isindicated.
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Extended Data Fig. 7| Intrinsic ISG levels affect HCMV infection outcome.
a.ISG expression level versus differentiation status in single bone marrow human
haematopoietic stem cells. Data taken from* shows differentiation trajectory
from hematopoietic stem cells (HSCs) to monocytes (mono, left panel) and data
from* shows differentiation trajectory from hematopoietic stem cells (HSCs)

to hematopoietic progenitor cells (HPCs, right panel). The linear regression

line with confidence interval is shown. b. Percentage of productively infected
MDMs either untreated (HCMV), or treated with IFNs 24 hours prior to infection
(IFN-HCMV). Points show measurements of biological replicates. p-value of

the decrease in productively infected MDMs following interferon treatment,

as calculated by one-tailed t-test on the replicates, is indicated. c. Percentage

of productively infected fibroblasts either untreated (HCMV), or treated with
IFNs 24 hours prior to infection (IFN-HCMV). Points show measurements of
biological replicates. p-value of the decrease in productively infected fibroblasts
followinginterferon treatment, as calculated by one-tailed t-test on the
replicates, isindicated. d. Measurements of infectious virus in supernatants
frominfected MDMs either untreated or treated with IFNs 24 hours prior to
infection, at different times post infection. e. QPCR measurements of viral
genomes frominfected MDMs either untreated or treated with IFNs 24 hours
prior toinfection, at different times post infection. The plot shows the mean of 2
independent biological replicates. f. Relative expression level of representative

ISGs, measured by qPCR, ininfected MDMs either untreated (HCMV) or treated
with ruxolitinib 24 hours prior to infection (Ruxo-HCMV), at 12 hpi. Points show
measurements of biological replicates. p-values as calculated by one-tailed t-test
onthereplicates are indicated. g. Percentage of productively infected MDMs
either untreated (HCMV), or treated with ruxolitinib 24 hours prior toinfection
(Ruxo-HCMV). Points show measurements of biological replicates. p-value of the
increase in productively infected MDMs following Ruxo treatment, as calculated
by one-tailed t-test on the replicates, is indicated. h. IRF9 or STAT2 protein levels
as measured by westernblot in THP1 DMs following CRISPR KO of IRF9 or STAT2,
respectively. KO using two different gRNAs for each gene are shown. Actin was
used as loading control. Shown is a representative of two biological replicates
with similar results. i. Percentage of productively infected THP1DMs following
CRISPRKO of a control gene, IRF9 or STAT2. Two independent gRNAs were used
for IRF9 and STAT2. Points show measurements of biological replicates. p-value
of IRF9 or STAT2 KO compared to the control, as calculated by one-tailed t-test
onthereplicatesis indicated.j. Percentage of productively infected THP1DMs
either untreated (HCMV) or treated with ruxolitinib at the time of infection
(HCMV + Ruxo) following CRISPR KO of a control gene or IRF9. Points show
measurements of biological replicates. p-value of IRF9 KO compared to the
control, as calculated by one-tailed t-test on the replicates, is indicated.
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Extended Data Fig. 8 | Effects of HCMV infection on macrophage cell identity.
a.Gene set enrichment analysis (GSEA) of differentially expressed genes between
GFP-dim and GFP-bright BAL infected macrophages compared to mock-infected
cells, oninnate immunity, immune signaling and immune identity and function
pathways. b. Gating strategy used to determine the single-cell population for
flow cytometry analysis of CD11b surface levels. c. Flow cytometry of CD11b
surface levelsin unstained and stained HCMV-GFP infected MDMs.

d. Flow cytometry of CD11b surface levels in HCMV-GFP infected PMA-induced
MDMs. The blue and red gates mark the non-productive and productive MDMs,
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respectively, as measured by GFP level. The inset in the bottom left shows the
distribution of CD11b levels in the two populations. p value of the decrease in the
mean fluorescence intensity in GFP-bright MDMs on the measured single cells is
calculated using one-tailed t-test. Representative of two independent replicates
isshown. e. Gating strategy used to determine the single-cell population for
flow cytometry analysis of phagocytosis. f. Percentage of phagocytosing GFP-

dim and GFP-bright HCMV-GFP infected M-CSF-induced MDMs. Points show

replicatesisindicated.

measurements of biological replicates. p-value as calculated by t-test on the
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Extended Data Fig. 9 | Non-productive MDMs continuously express viral
transcripts and canreactivate. a. Heatmap depicting absolute levels of viral
transcripts, in reads per million, in productive MDMs. Staging of the cells and
ordering of the viral genes are asin Fig. 6a. The expression levels in the heatmap
arerelative to the highest level of each transcript. b. Percentage of viral reads
insingle monocytes during infection. Box plot shows standard parameters
(median, Q1-Q3,1.51QR). p-value as calculated by one-tailed Wilcoxon test
comparing the cellsin the first and last groups is indicated. nis 141, 27, 210, 348
cells for 24hpi, 48hpi, 72hpi and 144hpi, respectively. c. Percentage of viral reads
insingle non-productive PMA-induced MDMs during infection. Box plot shows
standard parameters (median, Q1-Q3,1.51QR). Data from 72 hpiand 144 hpi is
from scRNA-seq of only GFP-dim cells to avoid noise coming from GFP-bright
cells, expressing high levels of viral transcripts. p-value as calculated by one-
tailed Wilcoxon test comparing the cells in the first and last groups is indicated.

48 72 144 24 72 144
hpi hpi

nis413,552, 628 cells for 24hpi, 72hpi and 144hpi, respectively. d. Phase-contrast
and GFP microscopy images of PMA-induced MDMs infected with HCMV-GFP at
different days post infection. Scale bars are 200pum. Shown are representatives
of two biological replicates. e. Plaques formed on fibroblasts co-cultured with
reactivated M-CSF-induced MDMs. Reactivation was done by either PMA or LPS
treatment. Scale bars are 500pum. Shown are representatives of five and three
biological replicates for PMA or LPS treatments, respectively. f. Plaques formed
on fibroblasts co-cultured with reactivated PMA-induced MDMs. Reactivation
was done by either PMA or LPS treatment. Scale bars are 500um. Shown are
representatives of two biological replicates. g. Plaques formed on fibroblasts co-
cultured with reactivated IFN-pre treated, PMA-induced MDMs. Reactivation was
done by PMA. Scale bar is 500um. Shown is a representative of three biological
replicates.
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Data collection For flow cytometry data acquisition we used FACSDiva (v8.0.1) or BD Accuri C6 (V1.0.264.21). For microscopy image aquisition we used
CellSens dimensions (V1.12) or Zen (V2.0).

Data analysis Bowtie 2, Bowtie 1 and STAR (V2.7.1) were used for alignment of different RNA-seq libraries. All single cell analyses were done using Seurat
(V4.0.3). DESeq 2 (V1.22.2) was used for differential expression analysis. GSEA v4.1 was used for enrichment analysis. For 10xGenomics data,
we used Cell Ranger software (V6.1.2, 10x Genomics). Data visualiztion was done using R (V4.1.0). For flow cytometry data analysis we used
FlowJo (V10.8.0). ddPCR aquisition and analysis were done using QuantaSoft (V1.7.4).
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All sequencing data from this manuscript have been deposited in GEO under accession code GSE189581. Single cell RNA-seq dataset along HCMYV infection of
fibroblasts is available under accession number GSE165291. RNA-seq dataset along differentiation of monocytes to MDMs is available under accession number




GSE147314. Single cell RNA-seq datasets along differentiation of hematopoietic cells in the bone marrow are available under accession number GSE75478 and
through the Human Cell Atlas data portal at https://data.humancellatlas.org/explore/projects/091cf39b-01bc-42e5-9437-f419a66c8a45.
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Sample size For all experiments we used at least biological duplicates, as is customary in the field. gPCR was performed with technical triplicates, as is
customary in the field. Specific sample sizes were chosen considering the variability of the measurement.

Data exclusions  We did not exclude data
Replication We confirmed strong reproducibility between duplicates
Randomization  Samples in all experiments were allocated randomly.

Blinding Blinding was not relevant to the study since no subjective variables were measured
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Antibodies
Antibodies used APC-conjugated anti-human CD11b (#101211, Biolegend), PE-conjugated anti-human CD11c (#333149, BD), FITC-conjugated anti-
human CD14 (#130-080-701, Miltenyi). Mouse anti-CMV IE1 and IE2 (#ab53495, abcam), mouse anti-PP28 (#CA004, EastCoast Bio),
rabbit anti-GAPDH (#2118S, Cell Signaling Technology), rabbit anti- IRF9 (#76684S, Cell signaling Technology), rabbit anti- STAT2
(#72604S, Cell signaling Technology) , mouse anti-mCherry (#6G6, Chromotek), mouse anti- beta-actin (#A4700, Sigma), goat anti-
rabbit—IRDye 800CW (#926-32211, LI-COR), goat anti-mouse—IRDye 680RD (#926-68070, LI-COR).
Validation CD11c and CD11b Antibodies were validated by observing a shift in staining in differentiated cells (Extended Data figure 1d). CD14

antibodies were validated by positive staining of CD14+ selected cells and lack of staining in CD14- cells (not shown). All flow
cytometry antibodies were validate for the application by the manufacturer. Western blot antibodies were validated by detection of
a band in the correct size. Antibodies of viral proteins were also validated by detection of a band in samples of infected cells but not
of uninfected cells (not shown). Antibodies for human proteins and the m-cherry antibody were validated for the application and the
species by the manufacturer.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) THP1, Kasumi-3, 293T and Human foreskin fibroblasts were purchased from ATCC

Authentication Cell lines were authenticated by ATCC by STR profiling




Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

All cell lines were tested negative for Mycoplasma

None

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

For blood monocytes donors were healthy volunteers, male and female ages 25-45. BronchoAlveolar Lavage fluid was
obtained from adults undergoing routine bronchoscopies, male and female ages 58-82.

Blood donors were recruited through the Weizmann institute. Patients undergoing routine bronchoscopies, performed in the
Institute of Pulmonary Medicine, Hadassah Hebrew University Medical Center were asked for their willingness to donate
some of their BAL fluid and signed an informed consent.

All fresh peripheral blood samples were obtained after approval of protocols by the Weizmann Institutional Review Board
(IRB application 92—1) and following informed consent from the donors. The study using BronchoAlveolar Lavage (BAL) fluid
samples was approved by a the Hadassah Medical Organization research ethics committee in accordance with the
Declaration of Helsinki (HMO-0704-20). Written informed consent to retain BAL fluid was obtained from patients undergoing
bronchoscopy.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

& The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

For GFP analysis or single cell sorting, cells were trypsinized if needed. For surface marker staining, cells were stained in cold
MACS buffer (PBS, 5% BSA, 2 mM EDTA). Phagocytosis was assayed a phagocytosis kit (#601490, Cayman chemical) according
to the manufacturer’s instructions.

Cells were analyzed on a BD Accuri C6 or a BD LSRII and sorted on a BD FACSAria Il

BD FACSDiva software was used for collection on LSRIl and BD FACSAria IIl. BD Accuri C6 plus software was used for collection
on BD Accuri C6. FlowJo was used for analysis of the data.

The cell population abundance is shown in the relevant figures. Sorting was based on GFP and was verified immediately after
sorting by flow cytometry and microscopy.

Live cells were determined according to FSC/SSC gating, doublets exclusion was performed by plotting the height against the
area of the forward or side scatter. When sorting according to GFP levels, two separate and distinct populations were seen as
show in the relevant figures.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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