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ABSTRACT Broad tissue tropism of cytomegaloviruses (CMVs) is facilitated by different
glycoprotein entry complexes, which are conserved between human CMV (HCMV) and
murine CMV (MCMV). Among the wide array of cell types susceptible to the infection,
mononuclear phagocytes (MNPs) play a unique role in the pathogenesis of the infection
as they contribute both to the virus spread and immune control. CMVs have dedicated
numerous genes for the efficient infection and evasion of macrophages and dendritic
cells. In this study, we have characterized the properties and function of M116, a previ-
ously poorly described but highly transcribed MCMV gene region that encodes M116.1p,
a novel protein necessary for the efficient infection of MNPs and viral spread in vivo. Our
study further revealed that M116.1p shares similarities with its positional homologs in
HCMV and RCMV, UL116 and R116, respectively, such as late kinetics of expression, N-gly-
cosylation, localization to the virion assembly compartment, and interaction with gH—
a member of the CMVs fusion complex. This study, therefore, expands our knowledge
about virally encoded glycoproteins that play important roles in viral infectivity and
tropism.

IMPORTANCE Human cytomegalovirus (HCMV) is a species-specific herpesvirus that
causes severe disease in immunocompromised individuals and immunologically imma-
ture neonates. Murine cytomegalovirus (MCMV) is biologically similar to HCMV, and it
serves as a widely used model for studying the infection, pathogenesis, and immune
responses to HCMV. In our previous work, we have identified the M116 ORF as one of
the most extensively transcribed regions of the MCMV genome without an assigned
function. This study shows that the M116 locus codes for a novel protein, M116.1p,
which shares similarities with UL116 and R116 in HCMV and RCMV, respectively, and
is required for the efficient infection of mononuclear phagocytes and virus spread in
vivo. Furthermore, this study establishes the a-M116 monoclonal antibody and MCMV
mutants lacking M116, generated in this work, as valuable tools for studying the role
of macrophages and dendritic cells in limiting CMV infection following different
MCMV administration routes.
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virus entry
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Human cytomegalovirus (HCMV), a betaherpesvirus widespread in human popula-
tions, usually causes asymptomatic infections in immunocompetent individuals

resulting in the establishment of lifelong latency in the host organism with occasional
reactivations. However, in immunodeficient patients, such as transplant recipients,
patients with AIDS or cancer, HCMV may cause multi-organ disease and is a significant
cause of morbidity and mortality (1, 2). Moreover, a congenital HCMV infection can
cause considerable and often permanent neurological damage (3). Due to its broad
cell tropism, the virus quickly spreads throughout the body, infecting numerous tissues
and organs, resulting in various clinical manifestations (4, 5). HCMV enters the cell by
fusion with the host cell membrane, a process facilitated by the viral envelope glyco-
protein complexes, of which gB, gM/gN, and two variants of gH/gL complexes, trimeric
and pentameric, have been studied the most (6, 7). Targeting viral envelope glycopro-
teins necessary for entry into target cells is a promising approach for developing vac-
cines (8, 9). However, despite decades of effort, no vaccine or effective therapy against
HCMV has yet been approved.

Cytomegaloviruses (CMVs) have dedicated a significant portion of their genomes
toward evasion of nearly all arms of the immune response (10–12). Among numerous
immune cell types targeted and evaded by the CMVs, the role of mononuclear phago-
cytes (MNPs), like macrophages and dendritic cells, is very challenging to study. One of
the difficulties arises from the fact that MNPs are a highly heterogeneous cell type
present in almost every tissue, and the cell markers used to distinguish MNPs subpopu-
lations are often either lacking or controversial (13). Furthermore, MNPs are permissive
for CMV infection and are thus important contributing factors not only for the control
of the virus but also for its spread (14–16). Finally, MNPs are critical mediators of the
immune response and inducers of both innate and adaptive immunity (17).

Another layer of complexity in HCMV research is the species-specificity of HCMV,
which can infect only humans. Fortunately, several animal CMVs exist, with murine
CMV (MCMV) infection being the most widely utilized model to study CMV pathogene-
sis (18). Virion and genome composition, the pattern of gene expression, cell entry
mechanisms, tissue tropism, and systemic organ pathology are all shared between
MCMV and HCMV (19, 20). Both viruses utilize highly functionally and structurally simi-
lar glycoproteins for cell entry: gB, gH, gL, gO, gM, and gN (7). HCMV-encoded chemo-
kine UL128, a part of the pentamer complex, also has its homolog in MCMV – MCK-2
chemokine, which forms gH/gL/MCK-2 entry complex (21).

Although complete sequences of CMVs genomes have been known for decades,
not all predicted ORFs have assigned functions. Additionally, with the advent of high-
throughput analyses, it has become increasingly apparent that transcriptomes and pro-
teomes of herpesviruses are more complex than their genomic maps might suggest
(22–28). A comprehensive understanding of various viral transcriptional and protein
products and their interaction with the host cell is a prerequisite for developing new
therapies and vaccines. We were among the first to utilize RNASeq to analyze the
MCMV transcriptome and combined it with cDNA analysis (22) to reveal a remarkable
complexity of the MCMV transcriptome and discover several highly expressed regions
of the MCMV genome with unknown function, one of which was the M116 locus.

We thus set out to investigate the M116 gene region, hypothesizing that such a
highly expressed genomic region likely has an important function for the virus. M116
ORF, a positional homolog of HCMV UL116, was previously predicted to encode a ser-
ine-alanine-rich glycoprotein (19). Recently, HCMV UL116 and rat CMV (RCMV) homolog
ORF116 were shown to encode glycoproteins important for infectivity (29–32), with
UL116 being additionally characterized as a chaperone controlling gH-based complex
levels on virions (30, 32). In this study, we have performed a detailed molecular dissec-
tion of the M116 gene region, characterized two M116-encoded transcripts, and experi-
mentally detected and characterized protein M116.1 (M116.1p) for the first time. Our
study revealed that M116.1p, UL116, and R116 proteins share several characteristics: all
are expressed with late kinetics, N-glycosylated, and localize to the same subcellular
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compartment (29–32). In addition, both M116.1p and UL116 proteins interact with
MCMV and HCMV gH, respectively, demonstrating yet again that MCMV is an excellent
model for studying various aspects of HCMV biology. Furthermore, we show that
M116.1p is necessary for the efficient infection of MNPs and its deletion from the CMV
genome has an impact on the virus spread in vivo in organs rich in MNPs like the
spleen and in organs where MNPs are known to be necessary for the spread of the vi-
rus. Together, this characterization of M116.1p reveals new insight into the contribu-
tion of M116.1p and MNPs to viral pathogenesis. In addition, DM116-MCMV, as well as
novel a-M116 monoclonal antibody (MAb) generated and characterized in this study,
could prove as valuable new tools for studying CMV pathogenesis in a relevant animal
model.

RESULTS
Transcriptional analysis of the MCMV M116 gene locus. Molecular profiling of

the MCMV and host transcriptomes led to the identification of the M116 locus as one
of the most highly transcribed yet uncharacterized genomic regions of the MCMV ge-
nome during lytic infection of primary and immortalized mouse fibroblasts (22, 23).
According to the early annotations of the MCMV genome, the M116 locus contains a
single, uninterrupted, 1.9 kb-long ORF (Fig. 1A) (19). However, using several different
approaches, we have later shown that the M116 locus might encode at least two differ-
ent transcripts: a more abundant, shorter ;1600 nt transcript and a less abundant, lon-
ger ;3500 nt transcript, hypothesized to initiate in the neighboring m117 ORF (22). To
perform a more detailed transcriptional analysis of the M116 gene locus and determine
more precisely the numbers and boundaries of the transcripts originating in this tran-
scriptionally very active region of the MCMV genome, we first performed a Northern
blot analysis using total RNA isolated from MEFs after 48 h of infection (hpi) with WT-
MCMV. Following denaturing gel-electrophoresis and transfer, membrane-immobilized
RNA was probed separately with DIG-labeled, strand-specific, single-stranded RNA
probes complementary to transcripts originating either within the m117 (Northern
Probe M117 – NP-M117), M116 (NP-M116), or M115 (NP-M115) ORFs (Fig. 1A). As
shown in the upper middle panel in Fig. 1B and consistent with our previous results
(22), we have detected a larger, ;3500 nt viral transcript and a smaller, ;1600 nt viral
transcript using probe NP-M116, which is complementary to any RNA molecule tran-
scribed using the first 260 nucleotides of the M116 ORF as a template. Interestingly, we
did not detect any signal on the membrane incubated with the riboprobe NP-M117,
which can hybridize to transcripts encompassing 250 nucleotides near the 39 end of
the m117 ORF (Fig. 1A and B upper right). Lack of signal when using riboprobe NP-
M117 suggests that larger transcript detected with probe NP-M116 extends over the
M115 and M114 ORFs and that, in contrast to previous predictions (22), neither of the
two transcripts detected with probe NP-M116 originate within the m117 ORF. Further
evidence that the ;3500 nt transcript detected with probe NP-M116 extends over the
M115 and M114 ORF was obtained using the riboprobes NP-M115 (Fig. 1B, upper left),
NP-M115b (Fig. 1A and B, bottom left), and NP-M114 (Fig. 1A and B, lower right), which
detected the same ;3500 nt signal at late phase of infection as the probe NP-M116
(black arrowhead). In accordance with these results and to clearly convey the extent of
the two transcripts encompassing the M116 locus, the longer ;3500 nt transcript was
named M116-M114 (Fig. 1B, black arrowhead), and the shorter transcript was named
M116 (Fig. 1B, white arrowhead). In addition, and consistent with our previous cDNA
analysis (22) and RACE results described below, using probes NP-M115, NP-M115b, and
NP-M114, we have also detected an additional signal corresponding to a transcript
that comprises ORFs M114 and M115 of the MCMV genome (Fig. 1B, black arrow).
Furthermore, Northern blot analysis revealed the absence of the M116 transcript and
truncation of the longer M116-M114 transcript in cells infected with either DM116-
MCMV or DM116R-MCMV (Fig. 1B, upper middle). In addition, no changes in the
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FIG 1 The M116 locus encodes two 59 coterminal transcripts. (A) A segment of the MCMV genome, showing the location of the M116 and neighboring ORFs
according to initial MCMV genome annotation. The first and last base pair of each ORF, excluding STOP codons, are indicated by numbers above the arrows
representing each ORF. Black bars denote the transcript segments that are complementary to the strand-specific riboprobes NP-M117, NP-M116, NP-M115, NP-M115b,
and NP-M114 used for Northern blotting. Small half arrows denote the binding sites for the 59-GSP1, 59-GSP2, 39-GSP1, and 39-GSP2 primers used for RACE analysis, the
white rectangle represents the region that was deleted from the genome in the DM116-MCMVs, while the red and orange rectangles denote regions targeted by
siRNAs. Putative polyA sites are labeled with yellow semicircles. (B) Northern blot analysis of the M116 region from total RNA isolated at 48 hpi and hybridized with
strand-specific riboprobes NP-M117, NP-M116, and NP-M115 (top), and from total RNA isolated at 4, 16, and 40 hpi and hybridized with strand-specific riboprobes NP-
M115b, NP-M114 (bottom). White arrowhead corresponds to M116 and black arrowhead to M116-M114 transcripts. Asterisk denotes truncated M116-M114 transcript
and black arrows M115-M114 transcript. (C) RNASeq profile of the M116 region. Raw sequencing libraries representing each phase of the infection (IE, E, and L) were
normalized by subsampling each to 15M reads before mapping to the MCMV genome and visualization in IGV. Within and around the M116 ORF, the sense (S)
coverage profile is shown in light blue, and the antisense (AS) read coverage profile in light red. The numbers of spliced reads spanning the splice junction within M116
are shown near the arcs connecting the corresponding donor and acceptor splice sites. (D) RACE PCR and alignment of the spliced 59- and 39-RACE PCR products to
the MCMV genome. 59-RACE sequences are shown in light gray, 39-RACE sequences in dark gray, and disagreements with the MCMV genome sequence with thin black
lines within each RACE PCR sequence. (E) Schematic representation of the length and boundaries of the M116 and M116-M114 transcripts showing M116.1 ORF exon 1
and exon 2. The white and black arrowheads correspond to the associated transcripts in Fig. 1B. (F) Overview of the M116 transcript. The putative protein-coding region
is highlighted with purple, polyA signal with a yellow semicircle, intron with white, and putative polyA addition site with a gray rectangle. Genomic coordinates of
relevant features are shown above the map of the M116 sequence. Each dashed line connects the identical location of the MCMV genome on Fig. 1A, C to F.
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transcription levels or kinetics of the neighboring M115-M114 transcript were observed
between WTR-MCMV and DM116R-MCMV viruses (Fig. 1B).

Next, to gain a more detailed view of the changes that occur in the transcriptional profile
of the M114-M116 region during infection, we have analyzed RNASeq reads from our previ-
ous RNASeq experiment (reference 33 and unpublished data), in which total RNA was col-
lected at several time points during IE, E, and L phase of infection, and sequenced using a
strand-specific protocol. As shown in Fig. 1C and consistent with the results of other studies
(22, 34, 35), this analysis confirmed that the M116 locus was transcriptionally most active at
later phases of the infection and revealed numerous spliced RNASeq reads spanning a previ-
ously reported intron (22) that extends from base pair 168013 to base pair 168095 within
the M116 ORF. These M116 intron coordinates are slightly different from those published in
Fig. S3 of our previous work (22), where we have inadvertently reported the imprecise intron
coordinates (168016-168090) and size due to the manner in which MegaBLAST performs
gapped alignments.

The RNASeq analysis also did not reveal any additional splice sites within the M116
ORF, and the high transcriptional activity of the M116 locus in the sense direction was
not accompanied by a significant anti-sense transcription, in line with our previously
published Northern blot data (22). Indeed, less than 0.45% of all reads restricted to the
M116 region at later time points were mapped in the anti-sense orientation, most likely
representing a spurious anti-sense signal (Fig. 1C) (36–39).

Finally, using RNA isolated from infected MEFs at 48 hpi, we have set out to deter-
mine the M116 and M116-M114 transcripts' boundaries. First, we have performed 59
and 39 rapid amplification of cDNA ends (RACE) using gene-specific primers 59-GSP1
(for 59-RACE) and 39-GSP1 (for 39-RACE), which can anneal to a sequence upstream of
the M116 intron splice sites, as shown in Fig. 1A. Both 59-RACE PCR and 39-RACE PCRs
generated a single PCR product with an estimated size between 800 and 900 bp. The
59-RACE and 39-RACE PCR products were then cloned and sequenced, and obtained
sequences aligned to the MCMV genome sequence (NC_004065.1). As shown in Fig.
1D to F, all 59-RACE PCR products consisted of sequences extending from the binding
site of the 59-GSP1 primer up to the T:A base pair at coordinate 169150 of the MCMV
genome, located proximal to the M116 ORF. Since the 59-GSP1 primer could bind both
M116-M114 and M116 cDNA, the absence of two distinct 59-RACE PCR products led us
to conclude that the M116-M114 and M116 represent two 59-coterminal, or very nearly
coterminal, RNAs that are transcribed from the same transcriptional start site located
at or near nucleotide 169150 of the MCMV genome, ;8 bp upstream of the M116 ORF
sequence (Fig. 1D to F). Moreover, analysis of the 39 RACE PCR products revealed that
they contained sequences extending downstream from the 39-GSP1 binding site over
the putative polyA site 2 at coordinates 167571 to 167576; the longest reaching the T:
A base pair at coordinate 167549 of the MCMV genome (Fig. 1D to F). Furthermore,
nine out of 11 sequenced 39-RACE PCR products lacked sequences corresponding to
the intron within the M116 ORF and contained a long stretch of T:A basepairs 12–
21 bp downstream of the polyA site 2, suggesting the existence of a polyA tail in the
39-end of the M116 transcript. These results indicate that the M116 intron is associated
with the M116 primary transcript encoded by nucleotides 167549 to 169150 of the
MCMV genome, which after processing results in a spliced, polyadenylated, two-exon
M116 mRNA (Fig. 1D to F).

To identify the 39 boundary of the longer M116-M114 transcript, we have per-
formed a second 39-RACE PCR using the 39-GSP2 primer. As shown in Fig. 1A, we have
chosen the annealing location of the 39-GSP2 primer in such a way as to ensure that
the PCR products of the second 39-RACE PCR do not exceed recommended size (3 kb)
and that the primer binds only the cDNA of the M116-M114 transcript and not the
cDNA of M116 or, for example, another RNA molecule whose transcription might be
initiated near the 59-end of the M115 ORF. Consistent with the Northern analysis
results, the second 39-RACE reaction resulted in a PCR product slightly smaller than
2000 bp, confirming that the M116-M114 transcript extends over the M114-M115
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ORFs. The sequencing and alignment of the second 39-RACE PCR products further
uncovered that the last base pair used as a template for synthesis of the M116-M114
transcript is located downstream of the M114 ORF, near the coordinate 165501 of the
MCMV genome (Fig. 1D to F). Furthermore, the presence of a long stretch of T:A base
pairs immediately downstream of another putative polyA signal (polyA-1) in this sec-
ond set of 39-RACE PCR products indicated that the mature M116-M114 mRNA is also
polyadenylated. Subsequently, to determine whether the longer M116-M114 transcript
undergoes splicing at the same splice junctions as the shorter M116 transcript, we
have performed an additional 59-RACE PCR using the 59-GSP2 primer. Similar to the 39-
GSP2, the 59-GSP2 primer binds only the cDNA of the longer M116-M114 and not the
cDNA of the shorter M116 transcript (Fig. 1A). As shown in Fig. 1D, nine out of 10
sequenced second 59-RACE PCR products lacked sequences corresponding to the
intron within the M116-M114 transcript indicating that, in addition to the shorter
M116 transcript, the M116 intron sequence spanning base pairs 168013–168095 within
the M116 locus, is also spliced out of the longer M116-M114 primary transcript. In sum-
mary, the MCMV gene locus encodes two late, 59-coterminal, spliced, and polyadeny-
lated;3500 nt (M116-M114) and;1600 nt (M116) transcripts.

Initial annotation of the MCMV genome predicted that the 1.9 kb M116 ORF enco-
des a 645 AA protein with a presumed molecular mass of 66.1 kDa (19). However, splic-
ing of the 83 bp M116 intron changes the reading frame downstream from the 349th

codon (encoding Gln) and creates a novel UGA STOP codon immediately after the
400th codon (encoding His) within the initially predicted M116 sequence. These
changes result in the creation of a novel, two-exon spliced ORF within the mature
M116 and M116-M114 transcripts (Fig. 1E and F), which we named M116.1. To initiate
a systematic analysis of the role of the putative M116.1 protein (M116.1p) encoded by
the newly identified spliced M116.1 ORF present in M116 and M116-M114 transcripts,
we have deleted the sequence encoding the most highly expressed portion of the ini-
tially predicted M116 ORF (19), including the entire M116.1 ORF (Fig. 1A, white rectan-
gle), from the genomes of two different MCMV strains. The first MCMV strain, referred
to herein as WT-MCMV, is a pSM2fr-derived MCMV strain (VR-1399 [40, 41]) shown to
be biologically equivalent to the Smith strain of MCMV. The second MCMV strain,
referred to as WTR-MCMV (repaired MCMV), is a pSM3fr-MCK-2fl-cl.3.3-derived virus
with a reversion of the naturally occurring frameshift mutation within the ORF encod-
ing MCMV chemokine homolog MCK-2 (42). Consequently, corresponding deletion
mutants derived from these viruses were named DM116-MCMV and DM116R-MCMV,
respectively.

M116 transcript encodes a conserved protein expressed with late kinetics. To
facilitate the characterization of a putative M116.1p encoded by the spliced M116.1
ORF present in the M116 and M116-M114 transcripts, we have expressed the recombi-
nant, His-tagged M116.1p using IPTG-inducible expression system in E. coli and used
the purified protein for the production of monoclonal antibodies (MAbs) against the
M116.1p. According to bioinformatic analysis, M116.1p is an N-glycosylated, strongly
acidic (pI = 4.31) protein with a high abundance of serine, alanine, and proline, and a
predicted molecular mass of 40.2 kDa (Fig. 2A). Based on the high content of Ser, Ala,
and Pro, which comprise 45.1% of all amino acids in the M116.1p (Fig. 2A), as well as
low pI value and many negatively charged residues, we anticipated that the M116.1p
might display anomalous mobility during SDS-PAGE and migrate much more slowly
than expected from its calculated molecular mass (43–47). Indeed, a single, highly
abundant protein species of an apparent molecular mass of ;70 kDa was produced
following IPTG induction of E. coli cells carrying recombinant, spliced M116.1p
sequence (Fig. 2B, first panel). The induced protein was purified (Fig. 2B, second panel),
verified for the presence of the His-tag (Fig. 2B, third panel), and used as an antigen for
producing MAbs against M116.1p. The obtained a-M116 MAb specifically recognized
the ;70 kDa recombinant M116.1p (Fig. 2B, fourth panel) and an ;70 kDa protein in
the lysates of WT-MCMV infected MEFs (Fig. 2C). As can be seen in Fig. 2C, no bands
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FIG 2 M116 transcript encodes a conserved protein expressed with late kinetics. (A) Amino acid sequence showing a high abundance
of serine, alanine, and proline residues (green), which comprise 45.1% of all amino acids, in the M116.1p. Predicted N-glycosylation
sites are shown in red. (B) Expression, purification, and anomalous migration of the recombinant M116.1p (rM116.1p). A single band,
corresponding to a protein with an apparent molecular mass of ;70 kDa (black arrowhead), was detected in the lysates of induced E.
coli cultures transformed with rM116.1 ORF (first panel). Coomassie stain of purified rM116.1p used for the generation of a-M116
MAb (second panel). WB of purified rM116.1p detected with anti-His (third panel) or a-M116 MAb (rightmost panel). Contrast of the
whole image has been slightly increased for better clarity. (C) Specificity of a-M116 MAb. Lysates of MEFs infected with WT-MCMV or
DM116-MCMV were subjected to Western blot analysis using the a-M116 MAb. The MAb binds to the ;70kDa protein present only
in lysates of WT-MCMV infected MEFs. Note that the virally encoded M116.1p also displays aberrant migration. (D) Kinetics of
M116.1p expression. Total proteins were isolated at indicated hpi from MEFs infected with WT-MCMV and analyzed by WB using
MAbs against M116.1p, and immediate early (IE), early (E), and late (M55/gB) viral proteins. Actin was used as a loading control. Lane
labeled “Mock” represents a protein sample isolated from mock-infected MEFs at 48 hpi. (E) PAA treatment of MEFs infected with WT-
MCMV inhibits M116.1p expression. Immediately following infection, PAA was added to MEFs at the indicated concentrations. At 48
hpi, total proteins were isolated from infected cells and analyzed by WB using a-M116 MAb. (F) Analysis of M116.1p glycosylation at
48 hpi. Lysates of WT-MCMV infected MEFs were treated with O-glycosidase, Endoglycosidase H, or PNGase F. Only treatment with

(Continued on next page)
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were detected in the lysates of either mock-infected cells or cells infected with MCMV
lacking the M116.1p coding sequence (DM116-MCMV), confirming the specificity of
our a-M116 MAb and demonstrating that the virally encoded M116.1p also displays
aberrant migration during SDS-PAGE. Occasionally, a very faint band between the 100
and 130 kDa markers was also visible in the lysates of the cells infected with WT-MCMV
(e.g., Fig. 2C). We hypothesize that this band, which was not always detectable even
with prolonged exposure times, corresponds to a rare protein species arising from the
translation of the unprocessed (unspliced) M116 and M116-M114 transcripts. We next
collected cellular lysates at multiple time points postinfection and compared the pat-
tern of M116.1p expression with the expression kinetics of immediate early (IE1), early
(E1), and late (M55/gB) MCMV proteins. M116.1p was detected in the lysates of WT-
MCMV infected cells from 21 h postinfection (hpi) onward and exhibited the expres-
sion kinetics identical to the late MCMV protein M55/gB (Fig. 2D). Furthermore, the
expression of M116.1p, but not of the early protein m04, was entirely abolished by
phosphonoacetic acid (PAA) treatment (Fig. 2E) of MCMV-infected cells, establishing
the M116.1p as a late MCMV gene/protein.

Analysis of the amino acid sequence using SPRINT-Gly (48) led to the prediction of zero
potential O-glycosylation sites and four potential N-glycosylation sites at amino acid resi-
dues 74, 101, 192, and 200 within the M116.1p with probabilities of 0.998, 0.999, 0.980, and
0.979, respectively (Fig. 2A). Since the virally encoded M116.1p migrated during SDS-PAGE
at approximately the same rate as the recombinant, His-tagged M116.1p produced in pro-
karyotic cells (Fig. 2B and C), we did not expect that the M116.1p might be extensively gly-
cosylated. Indeed, following endoglycosidase H (Endo H), Peptide N Glycosidase F (PNGase
F), or O-glycosidase (O-Glyco) treatment of total protein samples isolated from WT-MCMV
infected MEFs at 48 hpi, we observed a slight reduction in apparent molecular mass of the
M116.1p only in PNGase or Endo H treated samples. Both enzymes had a similar effect and
reduced the apparent molecular mass of M116.1p by only a few kDa (Fig. 2F), suggesting
that the M116.1p is a lightly glycosylated glycoprotein containing N-linked oligomannose
or hybrid types of N-glycans. In these experiments, m04, a known viral N-linked glycopro-
tein, served as a control of infection and control for Endo H and PNGase F activity (49).
Further sequence analysis revealed that the novel M116.1p glycoprotein is highly con-
served across various laboratory strains and field isolates of MCMV (Fig. 2G). Indeed, similar
to gB, we were able to detect the M116.1p in lysates of MEFs infected with laboratory
MCMV strains and field isolates available in our laboratory (Fig. 2H), while the apparent ab-
sence of protein bands corresponding to m04 in K181, C4C, C4D, WP15B, and K6 MCMV
strains was consistent with a high variability of m04 sequence reported previously (50).

Considering that the M116.1p might originate from both the M116 and M116-M114
transcripts, we employed specific siRNAs to selectively target and neutralize the longer
M116-M114 transcript RNA (locations of the siRNA binding sites are shown in Fig. 1A).
Northern blot analysis of total RNA isolated from lysates of MCMV-infected primary
MEFs treated with M116-M114-specific siRNAs confirmed successful silencing of the
M116-M114 transcript, whereas the levels of the smaller M116 and M115-M114 tran-
scripts remained the same as in the control cells, which were either treated with con-
trol siRNAs or left untreated (Fig. 2I). Furthermore, despite the successful knockdown
of the longer M116-M114 transcript, levels of the M116.1p in cells treated with M116-M114-
specific siRNAs, control siRNAs, and untreated cells remained the same (Fig. 2J). These results

FIG 2 Legend (Continued)
Endoglycosidase H or PNGase F led to a slight reduction in the apparent molecular mass of M116.1p, indicating that the M116.1p is
lightly glycosylated N-linked glycoprotein. (G) The amino acid sequence of M116.1p is conserved among different strains, and field
isolates of MCMV. Black lines denote polymorphisms. Alignment was made in Geneious software v7.1.9 (Biomatter) using MUSCLE
algorithm. (H) M116.1p is detected in lysates of MEFs infected with all analyzed MCMV strains and field isolates 48 hpi. Expression of
the viral proteins gB- and m04, and the expression of the cellular protein actin, were used as infection and loading controls,
respectively. (I-J) siRNA knockdown of M116-M114 transcript by two different siRNA mixes and individual siRNA has no effect on
M116 nor M115-M114 transcripts (I) nor amount of M116.1p (J) indicating that M116.1p is dominantly translated from M116
transcript. MEFs transfected with mix of siRNAs targeting M116-M114 transcript and infected 6h later with WTR-gH-HA-MCMV were
lysed 40 hpi and subjected to Western and Northern blot analyses.
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indicate that the 70 kDa M116.1p represents a major protein form encoded by the M116
gene locus and translated predominantly from the shorter M116 transcript.

Next, using BLAST (51), as well as SnapGene implementation of MUSCLE sequence
alignment algorithm (52), we have compared the amino acid sequence of M116.1p
and its positional and presumed functional homologs in human (UL116) and rat CMV
(R116), along with previously detected M116.1 in EastMCMV (53). Neither algorithm
was able to find significant sequence similarities between M116.1p, UL116, and R116.
On the other hand, the amino acid sequences of EastMCMV M116.1 and MCMV
M116.1p shared substantial homology of over 98% (Fig. 3A). Interestingly, the N-termi-
nus of the M116.1 protein from EastMCMV is shorter by 84 amino acids, which might
reflect biological differences between EastMCMV and Smith-derived MCMVs.
Nonetheless, these alignment results prompted us to investigate whether the ATG
codon present at the beginning of the M116.1p coding sequence (base pairs 169142–
169144 of the MCMV genome, Fig. 1F) acts as a true initiator codon for translation of
the M116.1p. To that end, we have generated an M116-STOP-MCMV mutant, in which
point-mutations have been introduced at the N-terminus of the M116.1p so that 9th
and 12th amino acid codons were mutated into stop codons (Fig. 3B). Cells infected
with M116-STOP-MCMV expressed both M116 and M116-M114 transcripts (Fig. 3C and
D) but contained no detectable amounts of M116.1p (Fig. 3E). Interestingly, the intro-
duction of these point mutations had a moderate negative impact on the expression
levels or stability of the M116 and M116-M114 transcripts at 40 hpi (Fig. 3C and D),
which is why we limited the use of this mutant to the minority of experiments.
Nonetheless, the absence of the M116.1p in cells infected with M116-STOP MCMV con-
firms that the protein-coding sequence of the M116.1p begins at position 169142 of
the MCMV genome.

M116.1p localizes to the virion assembly compartment (VAC). Having estab-
lished that the M116.1p is expressed in cultured MEFs in vitro, we set out to determine
whether M116.1p is expressed in the infected organs in vivo. To that end, we infected
BALB/c mice with WT-MCMV and DM116-MCMV, collected the organs at 4 dpi, and
probed the neighboring sections of the livers for the expression of M116.1p, as well as
IE1, a widely used marker for MCMV infection. As shown in Fig. 4A, M116.1p can be
detected throughout the cytoplasm of infected hepatocytes, but it tends to accumu-
late in the perinuclear region. As expected, the nuclei of the M116.1p-positive cells
also tended to stain positive for IE1, while no M116.1p staining was detected in organs
of DM116-MCMV infected animals, where the infected cells were readily identifiable by
the presence of inclusion bodies typical for the MCMV infection (Fig. 4A, rightmost
panel, black arrowhead).

Predominant signal in the perinuclear region observed in the infected hepatocytes sug-
gested that the M116.1p might preferentially accumulate in the specialized compartment
within infected cells and prompted us to examine its subcellular localization more thor-
oughly. To that end, we first performed confocal microscopy analysis of fibroblasts infected
in vitro with WT-MCMV, MCMV lacking Fc-receptor protein m138 (Dm138-MCMV), as well
as DM116-MCMV. Similar to infected hepatocytes (Fig. 4A), we could observe preferential
localization of the M116.1p in the perinuclear region of the primary BALB/c MEFs infected
with WT-MCMV (Fig. 4B, first panel) and the complete absence of the nonspecific or viral
Fc-mediated binding of the primary a-M116 or secondary MAb (Fig. 4B, second, third, and
fifth panel). During microscopic examinations of infected cells, cell rounding, a common
hallmark of MCMV infection (54), often makes it difficult to determine whether a particular
protein is associated with the plasma membrane. Therefore, following infection with WT-
MCMV and DM116-MCMV, we have stained permeabilized or non-permeabilized primary
BALB/c fibroblasts with the a-M116 MAb and used flow cytometry to investigate whether
the M116.1p is present on the cell surface. As shown in Fig. 4C, in contrast to permeabilized
fibroblasts, we did not observe any shift in the fluorescence intensity after staining non-
permeabilized, WT-MCMV infected fibroblasts with the a-M116 MAb, indicating that the
M116.1p is not present on the surface of infected cells.
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Since the localization of the M116.1p in the perinuclear region resembled the localiza-
tion of other viral proteins that localize to the virus assembly compartment (VAC) (55), we
have performed confocal microscopy colocalization analysis using MAbs against M116.1p
and cellular markers Rab6, Rab10, and Rab31 to determine the subcellular localization of
M116.1p more precisely. Localization of M116.1p clearly overlapped with Rab6, a marker of
the trans-Golgi that builds the outer ring of the VAC (oVAC), but not with Rab10, a marker
of early endosome (EE) – endosomal recycling compartment (ERC) interface that localizes to
the inner VAC (Fig. 4D). A portion of the M116.1p was also found in distinct membranous
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FIG 3 Comparison of amino acid sequences of M116.1p with its EastMCMV, HCMV, and RCMV homologs and analysis of M116.1p translation start site. (A)
Protein sequence alignment of M116.1p from MCMV, EastMCMV, R116, and UL116 using MUSCLE aligner in SnapGene software. M116.1p from CMV has
been used as reference sequence. The bars above demonstrate amino acid similarity (higher bar and more red—higher similarity) and consensus amino
acids are written in bold. (B) Nucleotide and amino acid sequence of the first 12 codons of the M116.1p in WT-MCMV and M116-STOP-MCMV. Point-
mutations have been introduced so that 9th and 12th amino acid codons of M116.1p were mutated into stop codons. (C-D) Northern blot analysis of M116
gene region using strand-specific riboprobes NP-M116 and NP-M115b. MEFs were infected with indicated viruses and collected at 16 and 40 hpi, total RNA
was isolated and hybridized with NP-M116 and NP-M115b probes. Sequence changes introduced in M116-STOP-MCMV resulted in altered amounts of
M116-M114 transcripts but not of M115-M114 transcript at late time points. (E) Western blot on the lysates of MEFs infected with indicated viruses and
collected at 48 hpi, detected with indicated MAbs. No M116.1p band is visible in M116-STOP MCMV infected MEFs.
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FIG 4 M116.1p localizes to the oVAC. (A) M116.1p is detected in the liver of WT-MCMV-infected BALB/c mice in vivo at 4 dpi. Expression of
M116.1p and IE1 was analyzed by immunohistochemistry in the neighboring sections. Control staining of mice infected with DM116-MCMV
shows no unspecific M116.1p staining. Black arrowheads—enlarged infected cells with typical inclusion bodies. Contrast and brightness have
been slightly modified on the entire image. (B) M116.1p localizes in the perinuclear region. MEFs infected with WT-MCMV, DM116-MCMV, or
Dm138-MCMV were stained at 30 hpi with a-M116, isotype control MAbs, or propidium iodide (PI) to stain nuclei. (C) M116.1p cannot be

(Continued on next page)
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structures outside the outer ring of the VAC (Fig. 4D), suggesting that it also accumulates in
the peripheral membranous structures of the secretory pathway. Significant overlap with
Rab31 (Fig. 4D), a small GTPase that associates with tubulo-vesicular carriers that bud from
the TGN and post-TGN compartments (56), and is not a component of VAC, indicates the
post-Golgi secretory trafficking of M116.1p. Altogether, these data indicate that a consider-
able proportion of M116.1p is directed to the oVAC area, an intracellular site that accumu-
lates viral structural glycoproteins.

M116.1p interacts with the gH in the oVAC but is not detectable in gradient-
purified MCMV virions. Localization of the M116.1p to the oVAC, together with results
of a previous study reporting the presence of M116 peptides in the MS spectra of
MCMV virions (57), raised the possibility that the M116.1p might be a structural MCMV
protein, similarly to its HCMV and RCMV homologs UL116 and R116, respectively (29,
31). To investigate such a possibility, we have first analyzed the lysates of the WT-
MCMV virions, prepared using standard sucrose cushion purification procedure, by
SDS-PAGE and Western blotting (18), and have detected a band corresponding to the
M116.1p (Fig. 5A, left lane). However, having in mind the presence of M116.1p in the
post-Golgi secretory trafficking system (Fig. 4D), as well as the results of studies that
show that routine virus preparations may be contaminated with extracellular vesicles
(i.e., exosomes), containing both viral and host proteins (reviewed in references 58 and
59), we decided to investigate the apparent presence of M116.1p in MCMV stocks in
more detail. In agreement with localization analysis and the presence of a Sec/SPI-type
signal peptide on its N-terminus (60), we have first established that M116.1p can be
detected in supernatants of infected fibroblasts. Moreover, treatment of cells with
Brefeldin A (BFA), a commonly used protein secretion inhibitor (61), let to the accumu-
lation of the M116.1p inside the infected cells and its complete absence from the
supernatants (Fig. 4B and 5C). Highly abundant cytoplasmic viral protein m04 was
used as a control to show that supernatants have not been contaminated with con-
tents of lysed infected cells (Fig. 5C). Having established that MCMV-infected cells
secrete M116.1p, we next analyzed WT-MCMV stocks for the presence of the estab-
lished exosomal marker CD63 (62). As presumed, strong, CD63-positive staining was
detected in lysates of infected cells as well as sucrose-cushion purified virions (Fig. 5B),
suggesting that the M116.1p signal shown in Fig. 5A, instead of being indicative of the
M116.1p presence in MCMV particles, might instead be attributable to the contamina-
tion of WT-MCMV stocks with exosomes containing M116.1p. We next took advantage
of the fact that the mature CMV particles have different buoyant densities from the
extracellular vesicles produced in infected fibroblasts (63) and have used sorbitol den-
sity gradient (SG) centrifugation to purify MCMV stocks further. M116.1p was not de-
tectable, while a strong signal corresponding to M55/gB, a known component of
MCMV virions, was clearly visible in the SG purified MCMV virions (Fig. 5A, right lane).
Moreover, sorbitol-gradient purified virus preparation retained infectivity and had a
high virus titer, as demonstrated by a standard plaque-forming assay (data not shown).
Taken together, these results indicate that the M116.1p is not incorporated into infec-
tious MCMV-particles, at least not at levels detectable in Western blot with a-M116
MAb, but is instead secreted, possibly within exosomes, from MCMV infected cells.

Even though the M116.1p was present in the peripheral membranous structures of
the secretory pathway and consequently secreted, a significant portion of intracellular
M116.1p was nonetheless localized to oVAC (Fig. 4D). HCMV UL116 also localizes to
VAC and interacts with gH (29, 30, 32). We thus investigated whether M116.1p and gH

FIG 4 Legend (Continued)
detected on the surface of infected cells. Flow-cytometric profiles of intracellular and surface expression of M116.1p at 30 hpi are presented
by green histograms and isotype control-stained cells by transparent histograms. (D) M116.1p co-localizes with the marker of the outer virion
assembly compartment (oVAC). Balb 3T3 fibroblasts infected with Dm138-MCMV were fixed 48 hpi. Intracellular distribution of M116.1p, IE1
(infection marker), cellular markers Rab6 (trans-Golgi), Rab10 (EE/ERC), and Rab31 (peripheral compartments) was analyzed by triple
immunofluorescence and confocal microscopy. Dashed lines indicate cell borders. The fluorescence intensity profiles (measured along the red
arrows) for colocalization of Rab6, Rab10, and Rab31 with M116.1p are shown on the right, with M116.1p depicted in green and cellular
markers shown in red.
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FIG 5 M116.1p is not present in the MCMV virions but interacts with gH in the oVAC. (A-B) WB analysis of virus stocks obtained by either pelleting viral
particles through a low-density sucrose cushion (SC) or by sorbitol gradient purification (G). The proteins from the lysed virus stocks were separated by
SDS-PAGE and immunoblotted with MAbs against viral proteins gB/M55 and M116.1p (A) or exosome marker CD63 (B). L – WT-MCMV infected MEFs
lysate. (C) M116.1p is detected both in lysates and supernatants of infected MEFs, while treatment with BFA blocks its secretion. Supernatants and
lysates of MEFs infected with WT-MCMV were harvested at indicated hpi and immunoblotted with a-M116 MAb. Marked samples were treated with
BFA (3 mg/ml) from 40 to 48 hpi. MCMV m04 and cellular actin served as infection and loading controls, respectively. (D) Colocalization analysis of
M116.1p and gH. MEFs or Balb 3T3 fibroblasts infected with WTR-gH-HA-MCMV were fixed 48 hpi and stained with a-M116 and a-HA (RM305) MAbs.
Dashed lines indicate cell borders. (E) M116.1p immunoprecipitates with gH. Lysates of WTR-gH-HA-MCMV infected primary BALB/c MEFs were co-
incubated with a-M116 or a-gH MAbs, and protein-MAb complexes subsequently isolated using protein G Sepharose beads. Bead eluates were
separated by PAGE and following transfer membranes incubated with a-HA (3F10) MAb, revealing that gH co-immunoprecipitates with a-M116.1p
(arrowhead). (F) Proximity ligation assay demonstrating an interaction between M116.1p and gH. Primary BALB/c MEFs were infected with WTR-gH-HA-
MCMV (gray) or WTR-MCMV (green), collected and stained 48 hpi with a-M116, a-HA, and secondary MAbs. (G) siRNA-mediated silencing of M116-M114
transcript had no effect on the localization of M116.1p. MEFs transfected with mix of siRNAs targeting M116-M114 transcript and infected 6h later with
WTR-gH-HA-MCMV were fixed 40 hpi and stained with a-M116 and a-HA (3F10) MAbs and DAPI to stain nuclei.
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also co-localize in the VAC. Regardless of whether we used primary BALB/c MEFs or
immortalized Balb 3T3 cells, M116.1p and gH clearly co-localized (Fig. 5D) in a ring-
shaped structure identified as oVAC in Fig. 4D. We then performed co-immunoprecipi-
tation utilizing recombinant MCMV with HA-tagged gH (WTR-gH-HA-MCMV) to enable
the detection of gH in Western blot. M116.1p was immunoprecipitated with a-M116 MAb,
while gH was immunoprecipitated using mouse a-gH MAb (clone 8D122A). The immunopre-
cipitate was analyzed on Western blot with MAb against HA (for gH, clone 3F10) (Fig. 5E). gH
co-precipitated with M116.1p, indicating the interaction between these proteins. To further
confirm the interaction, we have performed a proximity ligation assay on WTR-MCMV or WTR-
gH-HA-MCMV-infected primary BALB/c MEFs using a-M116 and a-HA (clone F-7) MAbs.
Signal in the proximity ligation assay is only generated if the two molecules are located at
approximately 40 nm or closer (64, 65). As shown in Fig. 5F, we could detect a clear interaction
signal between M116.1p and HA-tagged gH in WTR-gH-HA-MCMV-infected MEFs but no sig-
nal in the negative control (WTR-MCMV infected MEFs). Finally, siRNA silencing of the M116-
M114 transcript did not affect either detectability of M116.1p, as already demonstrated in
Western blot in Fig. 2J, or its co-localization with gH (Fig. 5G). These results collectively indicate
that, like HCMV UL116, M116.1p interacts with gH in the VAC, where both could act as chaper-
ones for stabilizing gH (32).

M116.1p is required for efficient virus growth in mononuclear phagocytes. It is
well established that various protein complexes with gH play a role in determining virus tro-
pism and providing means of entry both for human and murine CMVs (21, 66–68). To inves-
tigate whether M116.1p is required for MCMV replication in different cell types in vitro, we
have first performed a multi-step growth curve analysis of WT-MCMV and DM116-MCMV in
highly permissive cells, primary BALB/c-derived MEFs (Fig. 6A). DM116-MCMV displayed no
significant growth defects compared to WT-MCMV, although the viral titers of DM116-
MCMV were slightly lower than of WT-MCMV. Since primary MEFs preparations often con-
tain a proportion of CD11b positive cells (69, 70), usually mononuclear phagocytes (MNPs),
we next investigated MCMV growth in immortalized bone-marrow-derived macrophages
(iBMDMs). We observed a substantial impairment of infectious virus production in iBMDMs,
with the peak titers being more than 100-fold lower for DM116-MCMV than the WT-MCMV vi-
rus (Fig. 6B). Additionally, DM116-MCMV was attenuated in primary MNPs derived from bone-
marrow cells from either BALB/c or C57BL6 mice, both in the cells representing the floating
and the adherent fractions (Fig. 6C to E). Although both fractions comprise a heterogenous
population of MNPs, dendritic cells, and macrophages, it is considered that the floating frac-
tion is enriched in dendritic cells, while the adherent fraction is enriched in macrophages
(71, 72). Furthermore, the same defect in the in vitro growth in MNPs was observed for
the M116-STOP-MCMV (Fig. 6F and G). We thus concluded that M116.1p is an essential
factor necessary for efficient virus growth in dendritic cells and macrophages.

Since MCMV-encoded chemokine MCK-2 plays an important role in the infection of
macrophages (21), we next investigated whether the absence of functional MCK-2
gene influences attenuation of viruses lacking M116.1p. For this reason, primary MNPs
were infected with both variants of WT-MCMV and DM116-MCMV viruses: MCK-2 defi-
cient (WT-MCMV and DM116-MCMV) and “repaired” variants (WTR-MCMV and DM116R-
MCMV) where MCK-2 is functional (42). As shown in Fig. 6H, both viruses lacking
M116.1p displayed attenuated growth kinetics, indicating that the absence of M116.1p
induces in vitro growth defects in MNPs irrespective of the viral MCK-2 functionality.

M116.1p is required for efficient viral spread in vivo. Our in vitro analysis revealed
that M116.1p is required for efficient infectious virus production in MNPs. Since MNPs
play important but complex roles in the spread and immune control of the virus, where
the outcome often depends on the infection route (10, 73–80), we compared virus
titers between WT-MCMV and DM116-MCMV in different organs following infection by
several routes.

To study the role of M116.1p in systemic MCMV infection, BALB/c mice were infected
intravenously (i.v.) with 2 � 105 PFU of the indicated viruses, and viral titers in spleen, lungs,
liver, and salivary glands (SG) were determined on days 1.5, 4, 7, and 14 pi (Fig. 7A). In most
of the tested time points, there were no significant differences between the viral titers of
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the WTR-MCMV and DM116R-MCMV viruses, suggesting that deletion of M116.1 ORF from
the genome of MCMV does not have a major impact on the spread of the virus following
systemic infection. One exception is the spleen at 4 dpi where the MCMV lacking M116.1p
displayed approximately 1 log attenuation.

We next investigated the impact of M116 deletion when the virus spreads from pe-
ripheral sites via the footpad (f.p.) and intranasal (i.n.) route. The f.p. infection with ei-
ther WTR-MCMV or DM116R-MCMV yielded a similar amount of virus in the draining,
popliteal lymph nodes (PLNs) at 3 dpi and in SG 14 dpi, indicating that M116.1p is not
required for efficient spread following f.p. infection (Fig. 7B).

Upon i.n. inoculation, the route that most accurately mimics the natural infection,
we observed attenuation of DM116R-MCMV in lungs and SG at 14 dpi (Fig. 7C). These results
indicate that the absence of M116.1p diminishes the ability of MCMV to successfully dissem-
inate to and from organs with high concentrations of MNPs, like the spleen, or organs in
which MNPs play an important role in virus dissemination, like the SG.

DISCUSSION

In this study, we characterized the properties and function of M116, previously
poorly described but highly transcribed MCMV ORF. M116 was originally annotated by

FIG 6 M116.1p is required for virus growth in mononuclear phagocytes. (A, F) Primary BALB/c MEFs, (B) iBMDMs, (C) primary
BALB/c floating MNPs, (D, G, H) primary BALB/c adherent MNPs and (E) primary C57BL6 adherent MNPs were infected with the
indicated viruses at an MOI of 0.1 PFU/cell. Supernatants of infected cells were collected at indicated dpi and titers determined
by plaque assay. Data points represent means 6 SEM of triplicate (A-E, G) or duplicate (F, H) samples. All experiments have been
performed 2 or more times.
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Rawlinson and colleagues and postulated to encode serine-alanine-rich glycoprotein, a
positional homolog of HCMV UL116 (19). Although the transcriptional profile of UL116
has not been studied in detail, recent works indicate that it encodes at least one pro-
tein important for virus tropism (29, 30, 32). We thus set out to investigate M116 under
the rationale a) that it should have an important function due to its high expression
levels; b) that it might have a similar role to UL116; and c) that due to the similarities
between HCMV and MCMV, the obtained results could expand our understanding of
HCMV UL116. Studies of the pathogenesis of MCMV in mice have so far provided
invaluable insight into the pathology of CMVs that could then be extrapolated for
HCMV (81). A homolog of an HCMV gene influencing tropism and spread allows us to
study its role in the context of various infection routes.

We have performed a detailed characterization of the transcriptional product of the
M116 locus and defined the boundaries of two 59 co-terminal transcripts, M116 and
M116-M114, discovered in our previous study (22). Using RACE and RNASeq, we have
further demonstrated that the large majority of both M116 and M116-M114 primary
transcripts undergo splicing and that the transcriptional profile of the M116 locus is
similar to R116, a recently characterized RCMV-encoded M116 homolog that also gives
rise to two transcripts and contains a small intron (31). Even though the large majority
of M116 and M116-M114 RNA molecules were spliced, we could still detect a minor
proportion of cDNA/RNASeq sequencing reads aligning to the M116 intron. These rare
unspliced variants that may represent unprocessed M116 and M116-M114 primary
transcripts that have yet to undergo splicing. Alternatively, these rare unspliced var-
iants might represent a minor subpopulation of transcripts that have evaded the splic-
ing and in which intron has been retained due to, for example, the high abundance of
M116 and other transcripts that oversaturate cellular splicing machinery (82).

To facilitate further analyses of potential protein products encoded by the M116
gene region, we have generated and characterized a novel MAb, a-M116, which
detected a late, highly acidic protein M116.1p that contains a few N-linked and no O-
linked glycans, unlike R116 and UL116, which are highly N- and O-glycosylated. In addi-
tion, we have occasionally observed a pale band between 100 and 130 kDa using the

FIG 7 M116.1p is required for efficient viral spread in vivo. BALB/c mice were infected with 2 � 105 PFU/mouse of WTR-MCMV or
DM116R-MCMV either intravenously (A), intra-footpad (B), or intranasally (C). Viral titers were determined in the indicated organs
of individual mice (squares) at the indicated time points. Horizontal bars show the median values and dotted line detection limit
(50 PFU/organ). PLN, popliteal lymph node; SG, salivary glands. Statistical significance was calculated by Mann-Whitney two-tailed
test. *P , 0.01.
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a-M116 MAb that could correspond to the M116 protein encoded by the initially pre-
dicted M116 ORF arising from the occasional unspliced transcript. The dominant pro-
tein species, 70 kDa M116.1p, is predominantly translated from the more abundant
M116 transcript, as demonstrated by our siRNA experiments in which no changes in
M116.1p levels or in co-localization were detected upon successful silencing of the
M116-M114 transcript.

M116.1p is highly conserved between various MCMV strains, including the more dis-
tantly-related EastMCMV (53), suggesting its importance for the virus, although it shares no
obvious nucleotide or amino acid sequence similarities between its homologs, HCMV
UL116 and RCMV R116. However, absence of amino acid homology does not exclude func-
tional or structural homology, as already demonstrated for m42 and pUL42 proteins of
MCMV and HCMV (83). Our results indicate that M116.1p shares numerous functional prop-
erties with UL116 and R116 since all three proteins have been localized to the VAC, where
UL116 and M116.1p interact with HCMV and MCMV gH, respectively. Even though UL116
and R116 were found in the virus particles, we did not detect M116.1p in sorbitol gradient-
purified virions. Absence of O-glycans in M116.1p could account for its absence in the viri-
ons as it was recently demonstrated that herpesviral envelope glycoproteins tend to con-
tain O-glycans (68, 84). Furthermore, the only study proposing that product of M116 ORF is
a virion associated protein (57) has only detected two peptides that could have originated
fromM116 ORF. Additionally, our data show that the quantity of M116.1p in the purified vi-
rus stocks correlates with the quantity of CD63, an exosomal marker. M116.1p was unde-
tectable in gradient-purified stocks with low levels of CD63. Also, we have detected
M116.1p in the supernatants of infected cells, suggesting it is either secreted or a compo-
nent of exosomes, while the studies of UL116 and R116 have not addressed this issue.
However, it should be noted that it is also possible that the M116.1p is a component of the
mature MCMV virion, albeit in amounts that are below the detection level of our assays.

Although originally considered a component of a new glycoprotein complex (29),
recent studies proposed that UL116 acts as a chaperone for gH, supporting the assem-
bly, maturation, and incorporation of gH/gL complexes into virions (30, 32). A potential
chaperone whose role is to ensure proper incorporation of envelope glycoproteins
does not necessarily have to be a virion protein, as demonstrated for gO and UL148
(68, 84). Instead, it might serve its chaperone function in the virion assembly compart-
ment, preferably in the outer VAC, where other viral envelope glycoproteins are usually
located (55), which is precisely the location where we detect M116.1p. Thus, we pro-
pose that M116.1p performs an analogous function as a chaperone for MCMV gH.

Glycoprotein complexes formed with gH have a major effect on the herpesvirus
entry and, consequently, on the cell tropism (6, 7). Having shown that M116.1p inter-
acts with gH, we investigated in vitro and in vivo growth of viruses lacking M116.1p.
Unlike UL116-null HCMV and RCMV with silenced R116 (30–32), DM116-MCMV and
M116-STOP-MCMV displayed no significant growth defects compared with WT-MCMV
in fibroblasts. However, the deletion of M116.1p led to a marked growth deficit in
MNPs. We next compared virus titers in various organs following three different inocu-
lation routes to account for virus exposure to particular cell types and pathway(s) of vi-
rus dissemination dictated by the inoculation route (85). Since virally-encoded chemo-
kine MCK-2 also plays a role in MNP attraction and infection (21), viral strains with
functional MCK-2 protein were used for in vivo studies. We observed no difference in
virus growth curves, M116.1p expression, or transcriptional profiles between MCK-2
mutated or repaired virus strains. Similarly to MCMV lacking M140 gene region that
also grows poorly in MNPs (86, 87), DM116R-MCMV did not display dramatic attenua-
tion upon systemic infection in the liver, SG, or lungs but was attenuated in the spleen
at 4 dpi. Upon systemic infection, the virus quickly reaches the spleen via blood, where
it can infect reticular fibroblasts and endothelial cells of the splenic sinusoidal capilla-
ries (74). Unlike lungs, liver, or SG, the spleen contains a high concentration of MNPs
surrounding the capillaries that serve to prevent the hematogenous spread of an infec-
tious agent, containing the spread of DM116R-MCMV resulting in attenuation at 4 dpi.
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Upon i.n. infection, we observed attenuation of DM116R-MCMV in lungs and SG at
14 dpi. Following i.n. infection, MCMV first infects olfactory neurons and the nasal mu-
cosa and then further spreads via dendritic cells to lungs and SG, while infection of the
abdominal visceral organs is less prominent (77, 78, 88). Attenuation of DM116R-MCMV
in the SG at 14 dpi speaks in favor of MNPs as vehicles for virus transmission from the
nasal mucosa. Intranasal inoculation also results in lung infection, with lung epithelium
and alveolar macrophages being the first cells to be infected (89–92). Thus, attenuation
of DM116R-MCMV in the lungs only at a later time point goes in line with the alveolar
epithelial cells being the major virus-producing cell in the lung early after infection, as
already proposed by Yunis et al.(93).

Footpad-inoculated (f.p.) MCMV first reaches the popliteal lymph nodes (PLNs), pri-
marily infecting CD1691 subcapsular sinus macrophages (SSM) (76), which act as main
shields preventing virus spread but poorly support the infection. In line with that, we
observed no difference between WT-MCMV and DM116R-MCMV titers in the PLNs. We
could also observe no difference in virus titers at SG at 14 dpi following f.p. inoculation
speaking against patrolling monocytes as virus dissemination vehicles from PLNs to
distal sites (94).

The role of MNPs in the CMV infection is challenging to study as they play two
opposing roles: on the one hand, they are considered to be an important reservoir of
latent virus and vehicles for virus spread while also being the first responders to infec-
tion along with NK cells (10, 11) and important mediators of adaptive immunity as anti-
gen-presenting cells. It is thus not surprising that CMVs have evolved multiple genes
that modulate the antiviral activity of MNPs; M27, M35, M36, M45, M78, m139, and
M140 have all been initially identified as determinants for tropism of macrophages
since the mutants lacking these nonessential regions are attenuated in macrophages,
but not in fibroblasts in vitro. M27 protein acts as a modulator that disrupts IFNAR sig-
naling (95); M36 and M45 proteins have been identified as inhibitors of apoptotic and
necroptotic cell death responses in macrophages, respectively (96–98); M78 facilitates
the accumulation of immediate early viral mRNA and is considered to stimulate SG
infection by protecting infected dendritic cells against CD41 cell engagement (93, 99)
and m139 targets DDX3 to curtail the production of interferon by macrophages (100),
while M140 is required for efficient production of mature capsids in macrophages (86).
Additionally, MCMV proteins M35, which modulates type I IFN signaling in macro-
phages (101), and the MCK-2 (21), are also required for efficient MCMV replication in
macrophages. Furthermore, MNPs are a large and diverse group composed of numer-
ous types that are often difficult to distinguish functionally and phenotypically (13)
and even harder to extract ex vivo for in vitro studies. Thus, M116.1p is not just yet
another arrow in CMV’s quiver directed at manipulating this important immune cell
population. Instead, mutant viruses lacking MNP-evasive genes could also be consid-
ered as tools for teasing out complex roles of MNPs in virus spread and dissemination.

Finally, our a-M116 MAb has proved to be a valuable tool for the detection of
M116.1p in every technique we have tested (Western blot, flow cytometry, immunohis-
tochemistry, confocal microscopy, PLA, immunoprecipitation). As M116.1p is quite
abundant and clearly visible in different microscopy techniques, we propose it could
be a useful marker of both late infected cells and as a virus marker for oVAC.

MATERIALS ANDMETHODS
Cells. Primary BALB/c mouse embryonic fibroblasts (MEFs) were prepared as previously described

(18). Balb 3T3 immortalized fibroblasts were obtained from American Type Culture Collection (ATCC;
BALB/3T3 clone A31, ATCC CCL-163). Immortalized bone-marrow-derived macrophages (iBMDM) cell
line NR-9456 derived from C57BL6/J mice can be obtained from BEI Resources, NIAID NIH. Both primary
BALB/c MEFs and immortalized cell lines were cultivated in DMEM supplemented with either 3% or 10%
FCS, respectively.

To generate primary mononuclear phagocytes (MNPs), bone-marrow cells from BALB/c or C57BL6
mice were isolated from femur and tibia. The cells were then cultured at the concentration of 1 � 106

cells/ml in Not TC-Treated Petri dishes (Corning, 430597) in RPMI supplemented with 10% FCS comple-
mented with the supernatant of J558 hybridoma cell line (10-20%, depending on the batch) as a source
of granulocyte-macrophage colony-stimulating factor (GM-CSF) (18). On days 3 and 6, additional media

Ruži�c et al. Journal of Virology

January 2022 Volume 96 Issue 2 e00876-21 jvi.asm.org 18

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
06

 S
ep

te
m

be
r 

20
22

 b
y 

16
1.

53
.4

1.
15

.

https://jvi.asm.org


were added (the same volume as when seeded). On day 7, floating and adherent fractions of MNPs were
collected separately and used in the subsequent experiments. Following infection, MNPs were cultivated
in RPMI supplemented with 10% FCS.

Viruses. WT-MCMV is the bacterial artificial chromosome (BAC)-derived MCMV strain pSM3fr (C3X),
shown to be biologically equivalent to the Smith strain of MCMV (VR-1399 [40]). WTR-MCMV or
“repaired” MCMV refers to pSM3fr-MCK-2fl-cl.3.3-derived virus with a reversion of the frameshift muta-
tion within the ORF encoding MCMV chemokine homolog MCK-2 (42). Generation of WT-MCMV mutant
with a deletion of m138 ORF (Dm138-MCMV) and WTR-MCMV mutant with C-terminally HA-tagged gH
(WTR-gH-HA-MCMV) was previously described (21, 102). WT MCMV strains K181 (GenBank accession no.
AM886412), G4 (GenBank accession no. EU579859), c4C (GenBank accession no. HE610453), c4D
(GenBank accession no. HE610456), K6 (103), and WP15B (GenBank accession no. EU579860 [104, 105])
were a kind gift from A. Redwood (University of Western Australia, Perth, Western Australia, Australia).

DM116-MCMV and DM116R-MCMV were constructed according to the previously published procedure
(106) on two different bacterial artificial chromosomes (BACs) containing the desired MCMV genome (MCMV-
BAC); WT-MCMV or WTR-MCMV. In short, a disruption cassette containing kanamycin resistance gene (KanR)
and I-SceI restriction site was amplified in a two-step PCR using primers dM116-F-long (59-gagtttttccccgtca
cccccatcaactatttaacctctcggacacgctcgccgtgagggcacgacatcccagtatacactccgctagc-39), dM116-R-long (59-tggtgac
gacctgcgtgcggaacgcggcgctaggagaagacacagactcggatgtcgtgccctcacggcgagcgtgtccgagaggttaaagctctgcca-gtgtt
acaacc-39), Kan-R-short (59- taatgctctgccagtgttac-39), and dM116-F-Short (59- gagtttttccccgtcacc-39) using plas-
mid pEP-SaphA as a template. Escherichia coli strain GS1783 containing MCMV-BACs were then transformed
with the amplified DNA fragment, resulting in the deletion of the nucleotides 167548 to 169142 of the MCMV
genome, corresponding to the nucleotides encoding the M116 transcript, following homologous recombina-
tion. The kanamycin-carrying cassette was then removed from kanamycin-resisting clones by inducible endo-
nuclease I-SceI, resulting in the precise deletion of M116.1 ORF in MCMV-BAC. To generate the M116-STOP-
MCMV, we have introduced point mutations resulting in STOP codons at the place of 9th and 12th amino
acid of M116.1p. A disruption cassette containing kanamycin resistance gene (KanR) and I-SceI restriction site
was amplified in a two-step PCR with primers M116-STOP-For (59-tcgccgtgagggcacgacatcatgtttcgtgtcggc
gcgctgctctgagtcgcgtgagccaggatgacgacgataagtag-39), M116-STOP-Rev (59-gaatgagtctggaggtgcttgacatccggtg
ttatgtatacggccgtcacggctcacgcgactcagagcagcgcgccgacacgaaacatgcaaccaattaaccaattctg-39), M116-STOP-Short-
For (59-tcgccgtgagggcacgacat-39), and Kan-Univ-Rev (59-gccagtgttacaaccaattaacc-39) using plasmid pEPkanS
as a template (the locations of point mutations are bolded and STOP codons underlined). Escherichia coli
strain GS1783 containing WT-MCMV BAC (pSM3fr) were then transformed with the amplified DNA fragment,
following the removal of kanamycin-carrying cassette. The integrity of the mutated BACs was verified by
restriction enzyme analysis and by sequencing of the modified region. Infectious viral particles were then
reconstituted by transfection of purified BAC DNA into primary BALB/c MEFs using XtremeGene9 transfection
reagent (Roche) according to the manufacturer’s instructions. After the appearance of viral plaques, the infec-
tive supernatants were used for further propagation.

Preparation of MCMV stocks. Virus stocks were prepared on primary BALB/c MEFs as described pre-
viously (18) by ultracentrifugation and pelleting through a low-density sucrose solution to reduce aggre-
gation. Where highly purified virions were necessary, the above-mentioned virus preparations were puri-
fied on sorbitol gradient. Virions were first enriched by ultracentrifugation of the cell culture
supernatants as described. The pellet was then resuspended in 1 ml of DMEM supplemented with 3%
FCS and the suspension was overlaid on a continuous 20% to 70% (wt/vol) sorbitol gradient in PBS and
centrifuged in a swing-bucket rotor at 70 000 � g for 60 min at 4°C (Thermo Scientific Sorvall WX Ultra
Series centrifuge, Surespin 630 rotor). The virus-containing band was detected by light scattering, col-
lected by aspiration, diluted in PBS, and pelleted by ultracentrifugation at 70 000 � g for 60 min at 4°C.
Pellet was resuspended in PBS, aliquoted, and frozen at 280°C. Virus titers were determined by a stand-
ard plaque-forming assay (18).

Infection of cultured cells with MCMV in vitro. For Western blot, flow cytometry, and microscopy
analyses, primary BALB/c MEFs were infected with 0.5 PFU/cell, while immortalized Balb 3T3 fibroblasts
were infected with 1 PFU/cell. Unless stated differently, infection was performed by co-incubating cell
suspension at a concentration of 107 cells/ml with the virus for 30 min with occasional agitation at 37°C
and in an atmosphere with 5% CO2, the method equivalent to incubating adherent cell layer for 30 min
in a small volume of virus suspension at 37°C and an atmosphere with 5% CO2, followed by 30 min cen-
trifugation at 800 � g (centrifugal enhancement) (107). Following incubation, cells were plated (approxi-
mately 0.5 � 106 cells in a 6-well plate, or 1–1.5 � 106 cells in a 10-cm culture dish) and further incu-
bated at 37°C in a 5% CO2 humidified atmosphere.

In vitro viral growth was analyzed by infecting cultured cells (MEFs, iBMDM, or primary MNP) with
indicated viruses at 0.1 PFU/cell in a suspension as described above. Following incubation, the unbound
virus was washed with media, and cells were pelleted 5 min at 500 � g. This washing step was repeated
3 times. The cells were plated on a 48-well plate at a concentration of 0.2 � 106 cells/well. At indicated
dpi, the duplicates or triplicates of the cell-free culture supernatants were collected and stored at
280°C. The amount of extracellular infectious virus present in the culture supernatant was determined
by a standard plaque-forming assay (18).

siRNA knock-down of M116-M114 transcript. To selectively knock down the M116-M114 tran-
script, we have employed siRNA targeting M116-M114 transcript positions (167 326 – 167 523) that
should target exclusively M116-M114 transcript and not M116 or M115-M114. Primary BALB/c MEFs (250
000 cells/well) were seeded 1 day before transfection in complete medium without antibiotics in 6-well
plates with glass coverslips. The cells were transfected the next day with individual siRNAs at a final con-
centration of 20 nM or their combination (20 nM each or 20 nM in total) using Lipofectamine RNAiMAX
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Reagent (Invitrogen) according to the manufacturer's protocol for forward transfection. Additionally,
negative control (scrambled) siRNA (Stealth RNAi siRNA Negative Control Hi GC) has been used. Six h af-
ter transfection, the cells were infected with WTR-gH-HA-MCMV (0,5 PFU/cell with centrifugal enhance-
ment); 24 h after transfection, the medium was replaced with the fresh complete medium with antibiot-
ics; and 46 h after transfection, the glass coverslips were collected for the microscopy analysis as
described below, and the remaining cells were lysed in either TRI Reagent (RNA analysis) or RIPA buffer
(protein analysis) and subjected to Northern blot and Western blot analyses as described below.

siRNA duplexes used (sense strand): siRNA1 (Eurogentec, 59- cgacucgcucauuaucgau-39), siRNA2
(Eurogentec, 59- gacucagucucucaaacag-39), siRNA3 (Eurogentec, 59- gagucugugucuucuccua - 39), stealth
siRNA1 (Invitrogen, 59- gcgcuagcgacgucgccauauuuaa-39), stealth siRNA2 (Invitrogen, 59- gcgacgucgc-
cauauuuaacgacuc - 39), stealth siRNA3 (Invitrogen, 59- ucgccauauuuaacgacucgcucau - 39), and stealth
siRNA4 (Invitrogen, 59- ccauauuuaacgacucgcucauuau - 39). siRNA mix 1 contained siRNA1, siRNA2, and
siRNA3, while the siRNA mix 2 contained stealth siRNA1, stealth siRNA2, stealth siRNA3, and stealth
siRNA4. siRNA mix denotes that equal amounts of individual siRNAs were added to a final concentration
of 20 pmol/ml of siRNA, while siRNA mixmax denotes a mixture containing 20 pmol/ml of each siRNA.

Northern blotting and rapid amplification of cDNA ends (RACE). Primary BALB/c MEFs were
mock-infected or infected with either WT-MCMV or DM116-MCMV as described above and seeded onto
10 cm tissue culture dishes at an approximate density of 106 cells/dish. Following 48 h of incubation,
total RNA from MCMV-infected or mock-infected cells was extracted and purified using TRI Reagent
(Sigma-Aldrich, Product Number T9424-25ML). The obtained nucleic acid pellet was dissolved by adding
RNase-free water containing 20 U of Protector RNase Inhibitor (Sigma-Aldrich, Product Number
3335399001), and obtained RNA suspension was then treated with RNase-free DNase I (New England
Biolabs, Catalog Number M0303S) to remove contaminating DNA. Samples of isolated total RNA were
stored at 280° C. The stability of purified RNA was verified by incubating small aliquots of each RNA
sample at 37°C and 80°C for 2 h and comparing their 28S:18S ratios to the 28S:18S ratio of the original,
control sample stored at 280°C on the 2% bleach gel (108). Primer design, generation of RACE ready
cDNA, assessment of RNA purity/integrity, RACE reaction, cloning, characterization, sequencing, and
analysis of RACE PCR products were performed using the SMARTer RACE 59/39 Kit (TaKaRa Bio, Product
Number 634858). Gene-specific primers for 59-RACE (59-GSP1: 59- gattacgccaagcttagatggcgcctccgaatcc-
gatgaagcg - 39 and 59-GSP2: 59- gattacgccaagcttaatatggcgacgtcgctagcgcactccg - 39) and gene-specific
primers for 39 RACE (39-GSP1: 59 – gattacgccaagcttcgcttcatcggattcggaggcgccatct - 39 and 39-GSP2: 59 –
gattacgccaagctttcgctcattatcgatccgggcctgggcg - 39) were purchased from biomers.net. Sequences of the
59-RACE and 39-RACE products were aligned to the wild-type MCMV genome sequence (NC_004065.1,
accessed on 20.08.2020) using SnapGene v5.1.7. Northern blot analysis was performed as described pre-
viously (22). Briefly, following the isolation procedure described above, total RNA concentrations in the
RNA samples were determined using NanoPhotometer Pearl spectrophotometer (Implen). One micro-
gram of total RNA from each sample was then loaded into the separate well in the formaldehyde-con-
taining agarose gel and separated by denaturing formaldehyde agarose gel electrophoresis. RNA ladders
used were Transcript RNA Markers 0.28–6.6 kb (Sigma-Aldrich), RNA Molecular Weight Marker I, DIG-la-
beled (Sigma-Aldrich), and ssRNA Ladder (New England Biolabs). After electrophoresis, RNA was trans-
ferred onto a positively charged nylon membrane (Amersham Hybond –N1) by capillary transfer and im-
mobilized by UV cross-linking (Amersham Biosciences UVC 500 Crosslinker, 800 J/cm2). Subsequently,
the membrane was blocked in a brief prehybridization step and then incubated at 68°C overnight in a
hybridization solution containing a single-stranded DIG-labeled probe. Following hybridization, probe
bound to its cRNA target(s) was detected using the DIG High Prime DNA Labeling and Detection Starter
Kit (Merck, Product Number 11585614910), and visualized with an ImageQuant LAS 4000 series imager
(GE Healthcare).

Strand-specific Northern blot RNA probes (Probes NP-M117, NP-M116, NP-M115, NP-M115b, and NP-
M114, shown in Fig. 1A) were generated in several steps. First, genomic regions spanning nucleotides
169346-169595 (amplicon for NP-M117), 168880-169147 (amplicon for NP-M116), 166924-167181 (amplicon
for NP-M115), 166688-166942 (amplicon for NP-M115b), and 165806-166091 (amplicon for NP-M114) of the
MCMV genome (NC_004065) were amplified by PCR using primers M117-F (59- aattaaccctcactaaagggccggtctc-
gatgtgagtgtt -3) and M117-R (59- tattgaagaggctcgcggac - 39) for amplicon M117, primers M116-F (59-aat-
taaccctcactaaaggggacgacatcgtgctcttttcg - 39) and M116-R (59- acatcatgtttcgtgtcggc - 39) for amplicon
M116, primers M115-F (59 – taatacgactcactataggagccgtagctcctcttgaacc - 39) and M115-R (59- ctgtccacacg-
taacctgct - 39) for amplicon M115, primers M115-b-F (59 – taatacgactcactataggatcggtcgtgtagttcaaccg – 39)
and M115-b-R (59 – gttcaagaggagctacggcg – 39) for amplicon M115b, and primers M114-F (59 – taatacgact-
cactataggatccttctctctgctcggaca – 39) and M114-R (59 – acaagatccgtaccacgacg – 39) for amplicon M114, all
purchased from biomers.net. Obtained PCR products were then separated by agarose gel electrophoresis
and bands corresponding in size to desired DNA fragments excised from the agarose gel and purified
using NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). A small amount of each purified amplicon
was then used as a template for the second PCR using the same primers as above. Each of the second PCR
products was then also excised from the agarose gel, column-purified, and used as a template for in vitro
RNA probe synthesis with the DIG Northern Starter Kit (Sigma-Aldrich, Product Number 12039672910),
resulting in five strand-specific RNA probes (NP-M117, NP-M116, NP-M115, NP-M115b, and NP-M114).

RNASeq analysis. Infection of primary BALB/c MEFs for RNASeq was performed as described previ-
ously (22, 33). Briefly, MEFs growing in 10-cm cell-culture dishes were infected in two replicates with
Smith strain of MCMV at an MOI = 0.3, followed by centrifugal enhancement at 800 � g for 30 min. Total
RNA from infected MEFs was then isolated at 4, 8, 12, 16, 24, 32, 40, 60, and 80 hpi using TRI Reagent
(Sigma-Aldrich, Product Number T9424-25ML), according to manufacturer’s instructions. Following RNA
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isolation and purification, equal amounts of total RNA isolated from MEFs were then selectively pooled
to attain representative RNA samples from different temporal classes of MCMV infection. First, equal
amounts of total RNA isolated from 4, 8, and 12 hpi were pooled to obtain an RNA sample representing
the immediate early (IE) phase of infection. Equal amounts of total RNA isolated after 16, 24, and 32 hpi
were then pooled to obtain an RNA sample from the early (E) phase of the infection, while the equal
amounts of total RNA isolated at 40, 60, and 80 hpi were pooled to get an RNA sample characterizing
the late (L) phase of MCMV infection. After RNA isolation and pooling, two sequencing libraries for each
phase of the infection were prepared using a TruSeq Stranded Total RNA with Ribo-Zero Gold kit
(Illumina, San Diego, CA, USA) and sequenced on an Illumina Genome Analyzer IIx to obtain 72 nt, sin-
gle-ended, strand-specific sequencing reads. Following pre-mapping read quality control, raw reads
from the same phase of the infection were first concatenated into a single fastq file, and each fastq file
was then subsampled to the same size to containing randomly selected 15M reads. Raw sequencing
reads in subsampled fastq files were then mapped to the MCMV genome sequence (NCBI accession
number NC_004065) using STAR v (109, 110). Reads aligning to either forward or reverse strand were
then separated into two separate bam files using samtools (111), and the read coverage profile for both
sense and antisense transcription in the MCMV M114-M116, as well as number of spliced reads spanning
the M116 intron, were visualized using IGV (112).

Generation of the a-M116 monoclonal antibody. The sequence encoding the M116 spliced tran-
script, without the sequence encoding N-terminal Sec/SPI-type signal peptide, was inserted into the bac-
terial expression plasmid pQE30 (Qiagen) in frame with the N-terminal His tag. The obtained expression
plasmid was sequenced to verify the integrity of the M116 sequence and then transformed into the bac-
teria E. coli BL21(DE3) strain (Qiagen). Expression of His-tagged rM116.1p was induced with the addition
of isopropyl-b-D-thiogalactoside according to the manufacturer’s instructions (QIAExpressionist;
Qiagen). The induced protein was purified from bacterial lysates by affinity chromatography on Ni-
Sepharose columns. As described previously, purified rM116.1p was then used to immunize BALB/c mice
and produce MAbs (113). The specificity of the MAbs produced by several hybridoma clones was first
tested against rM116.1p, and irrelevant protein in ELISA and Western blot, followed by Western blotting
on mock, WT-MCMV, and DM116-MCMV, infected primary MEFs. M116.02 clone was of the highest speci-
ficity, was selected for all further analyses, and was affinity-purified on protein G columns.

Western blot analysis. Primary BALB/c MEFs were infected with 0.5 PFU/cell of indicated MCMV as
described above. In the indicated experiment, PAA (30 or 200 mg/ml, Sigma-Aldrich) was added immedi-
ately following infection or BFA (3 mg/ml, eBioscience) from 40 to 48 hpi. At the indicated times p.i., cell-
free supernatants were collected, and cell lysates were prepared using radioimmunoprecipitation assay
(RIPA) buffer (25 mM Tris, 150 mM NaCl, 1% Na-deoxycholate, and 0.1% SDS) with the addition of
Complete Protease Inhibitor Cocktail (Roche). According to the manufacturer's instructions, the protein
concentration was determined with a bicinchoninic acid assay (Pierce BCA Protein assay kit; Thermo
Fisher Scientific). Comparable protein amounts mixed with denaturing sample buffer (4% SDS, 10% 2-
mercaptoethanol, 20% glycerol, 0,004% bromophenol blue, 0,125M Tris HCl) were separated on 8–10%
SDS-polyacrylamide gels in Laemmli buffer on constant voltage. Following separation, proteins were
transferred to Amersham Hybond PVDF membranes with 0.45 mm pores (GE Healthcare) using Trans-
blot semidry transfer system (Bio-Rad) in Bjerrum Schafer-Nielsen transfer buffer (48 mMTris, 39 mM gly-
cine, and 20% methanol, pH 9.2). Membranes were blocked with 5% nonfat milk in Tris-buffered saline
with 1% of Tween 20 (TBST) for $30 min at room temperature, followed by the addition of primary MAb
in the same blocking overnight at 4°C with constant gentle agitation. Following incubation with
a-mouse IgG HRP-coupled secondary Abs (Jackson Immuno Research) at room temperature for 1 h, sig-
nals were visualized by chemiluminescence (ECL Prime Western Blotting Detection Reagent, Amersham,
GE Healthcare or SuperSignal West Femto maximum sensitivity substrate; ThermoFisher) using Image-
Quant LAS 4000 mini-instrument (GE Healthcare).

For Western blot analysis on virus preparations, the equal volume of virus stocks (normalized to con-
tain equal amounts of infectious virus particle as determined by standard plaque assay described previ-
ously) were mixed directly with denaturing sample buffer, heated for 5 min at 95°C, and then loaded on
10% SDS-PAGE.

Affinity purified MAbs generated in-house (Center for Proteomics, University of Rijeka) used for
Western blot are a–M116, a-m04 (m04.10, #HR-MCMV-01), a-gB (M55.01; #HR-MCMV-05), a-IE1 (IE1.01,
#HR-MCMV-08), a-E1 (CROMA 103, #HR-MCMV-07), and a-CD63 (mCD63.07). For loading control, the
MAb a-actin (clone C4; Merck) was used. MAbs generated by us in the Center for Proteomics are avail-
able from the Center for Proteomics website at https://products.capri.com.hr/.

Analysis of glycosylation. Endo H, PNGase F, and O-glycosidase treatments were performed accord-
ing to the manufacturer’s recommendations (New England Biolabs). Briefly, cell lysates in RIPA buffer
were diluted with denaturing buffer and boiled for 10 min. Reaction buffer and enzyme were added, as
well as NP40 (1%) to the PNGase F reaction or neuraminidase and NP40 (1%) to the O-glycosidase reac-
tion, per manufacturers’ instructions. The reaction mixture was incubated at 37°C for 1 h, and samples
were then analyzed by Western blotting as described above.

Co-immunoprecipitation. WTR-gH-HA-MCMV infected MEFs were lysed in lysis buffer (20 mM Tris-
HCl pH 8.0, 150 mM NaCl, 1% Triton X-100) with the addition of protease inhibitor cocktail (cOmplete
mini; Roche). Lysates were precleared with protein G Sepharose beads (GE Healthcare) and co-incubated
with a-M116 or a-gH (8D122A; kindly provided by Lambert Loh, University of SK, Canada) MAbs under
rotation at 4°C overnight. Then protein-MAb complexes were precipitated with protein G Sepharose
beads under rotation for 4 h on 14°C and washed 3 times in lysis buffer. The precipitates were dissoci-
ated in sample buffer (0.13MTris-HCl (pH 6.8), 6% SDS, 10% a-thioglycerol), heated for 5 min at 95°C and
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subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE), followed by Western blotting analysis
using nitrocellulose membranes (GE Healthcare) for protein transfer. The membranes were incubated
with a-HA (3F10, Sigma-Aldrich, Germany) primary MAb and peroxidase-coupled a-rat secondary Ab
(Jackson ImmunoResearch). The signals were visualized by Super Signal West Pico or SuperSignal West
Femto chemiluminescence substrate (ThermoScientific) using Fusion FX instrument (Vilber).

Flow cytometry. For M116.1p surface expression analysis, primary MEFs infected with WT-MCMV
and DM116-MCMV were stained at 30 hpi with a-M116 MAb followed by staining with a–mouse FITC
MAb (Jackson ImmunoResearch). For intracellular M116.1p expression analysis, cells were fixed and per-
meabilized before staining with the same combination of primary and secondary Abs as described for
surface staining. Irrelevant IgG1 isotype-matched control produced in-house was used as a negative
control. Fixable Viability Dye (1,000�, Thermo Fisher Scientific) or propidium iodide (PI, Sigma-Aldrich)
was used to stain dead cells. Intracellular staining, permeabilization, and fixation of cells were performed
with the Fixation/Permeabilization kit (Thermo Fisher Scientific). All data were acquired using
FACSAriaIIu (BD Biosciences) and analyzed using FlowJo software (TreeStar).

Proximity ligation assay (PLA). PLA was performed using Duolink flowPLA Green Detection
Reagent (Sigma-Aldrich) according to the manufacturer’s instructions. MEFs infected with WTR-MCMV
and WTR-gH-HA-MCMV were collected 48 hpi, stained with Fixable Viability Dye (1,000�, Thermo Fisher
Scientific), fixed with 4% PFA, permeabilized with ice-cold methanol, and labeled with MAbs a-M116
and a-HA (F-7, Santa Cruz). Because both MAbs used were from mice, a-M116 MAb was directly labeled
with MINUS oligonucleotides using Duolink ProbeMaker kits (Sigma-Aldrich), according to the manufac-
turer’s instructions. The cells were first stained with a-HA MAb, followed by a-mouse PLUS probe, and
finally directly labeled a-M116-MINUS. Following oligonucleotide ligation, DNA amplification was left
overnight and the detection was performed the following day. Cells were washed between each step.
All data were acquired using FACSAria (BD Biosciences) and analyzed using FlowJo software (TreeStar).

Immunofluorescence microscopy. Primary BALB/c MEFs or Balb 3T3 fibroblasts were seeded on the
glass coverslips in 12-well plates and the following day infected with 0.5 or 1 PFU/cell of WT-MCMV,
DM116-MCMV, WTR-gH-HA-MCMV, or Dm138-MCMV by incubating adherent cell layer for 30 min in
500ml of virus suspension at 37°C and in an atmosphere with 5% CO2, followed by 30 min centrifugation
at 800 � g (centrifugal enhancement). In the indicated experiment, the cells were treated with BFA
(3 mg/ml, eBioscience) for the last 12h of infection. Cells were fixed with 4% PFA, permeabilized with
0.1% Triton X-100 or 1% Tween20, and analyzed for target proteins localization at the indicated time p.i.
The following in-house produced MAbs were used: a-M116 and a-IE1 (IE1.01, #HR-MCMV-08). The fol-
lowing purchased MAbs were used: a-HA (RM305, Thermo Fisher Scientific), a-HA (3F10, Roche), a-Rab6,
a-Rab10 (Cell Signaling Tech., USA), and a-Rab31 (Sigma–Aldrich Chemie GmbH, Germany). For visual-
ization of nuclei, PI and DAPI were used in some experiments. The samples were stained with appropri-
ate isotype-specific secondary Abs coupled to fluorescein isothiocyanate (FITC), tetramethylrhodamine
(TRITC), Alexa Fluor 488, Alexa Fluor 555, or Alexa Fluor 647 (Thermo Fischer Scientific, USA). To avoid
the possibility of cross-reactivity, all secondary Ab reagents have been tested against primary MAbs and
secondary Ab reagents that were used. Following staining, cells were mounted using mounting medium
ProLong Gold Antifade Mountant or Mowiol (Fluka Chemicals, Selzee, Germany; Sigma Chemical Co,
Steinheim, Germany) in PBS containing 50% glycerol and analyzed by Olympus Fluoview FV300 confocal
microscope (Olympus Optical Co., Tokyo, Japan) and Ar 488, He/Ne 543, and He/Ne 633 lasers. Images
were visualized and acquired by PLAPO60xO oil objective and Fluoview software, version 4.3 FV 300
(Olympus Optical Co., Tokyo, Japan). Appropriate barrier filters have been used during image acquisition,
and confocal aperture was set to 2, PMT 600–800, beam splitter at 570 nm, without Kalman filtering. Fo
co-localization following siRNA experiments, a DMi8 inverted microscope, and a confocal Leica
Microsystem TCS SP8 were used, with LAS X software, and the use of a 405 diode laser and a RYB laser
combination consisting of: blue Ar laser 458, yellow laser DPSS 561 nm, and red laser HeNe 633 nm.

The images were acquired in xyz sections (z series of 0.5 mm optical sections) in a sequential mode
and with medium scan speed (1,65s/scan). The average number of slices was 8–14, and all-optical sec-
tions across the cell have been included. The offset has been set below 5% and adjusted to the signal in
noninfected cells. In order to better visualize intracellular structures, we have used 2x, 4x, and �8
magnifications.

The exported images (TIFF, 515 � 512 pixels) were analyzed with ImageJ software and available plu-
gins (Plot Profile and JACoP). For colocalization analysis, 8� zoomed images have been used and ana-
lyzed with ImageJ 1.47v software, utilizing the JACoP plugin (http://rsb.info.nih.gov/ij/plugins/track/
jacop.html) (Bolte and Cordeliéres, 2006). Manders’ overlap coefficients (M1 and M2) have been calcu-
lated within the entire z-stack and after eliminating most of the signal background (Costes automatic
thresholding method). Approximately 6–10 cells were analyzed. The plotting profiles for colocalization
presentation have been achieved after analysis of focus sections. Finally, for 3D reconstruction, we have
used ImageJ Volume Viewer plugin.

Immunohistochemistry analysis. Organs were harvested from BALB/c mice 4 days following i.v.
infection with 2 � 105 PFU/mouse of WT-MCMV and DM116-MCMV and then fixated with 4% parafor-
maldehyde (PFA) for 2 days, embedded in paraffin, and then 2-mm thin liver sections were cut and proc-
essed for immunohistochemistry following standard protocol (114). After de-deparaffinization and rehy-
dration, antigen retrieval was performed in sodium citrate buffer (pH 6.0) at 98°C for 20 min.
Neighboring sections were stained for pp89/IE1 (IE1.01, #HR-MCMV-08) MCMV protein, as previously
described (115) and with a-M116 MAb, followed by peroxidase-conjugated AffiniPure goat a-mouse IgG
(Jackson ImmunoResearch) and streptavidin-POD (Roche). Substrate DAB chromogen (Dako) was used
to visualize MAb binding, and counterstaining was performed with hematoxylin.
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Animal experiments. All mice used in experiments were housed and bred under specific pathogen-
free conditions at the Central Animal Facility of the Medical Faculty, University of Rijeka. Eight-to-twelve-
wk-old mice were used in all experiments and were age- and sex-matched within experiments. All
experiments were approved by the Animal Welfare Committee and Responsible Expert of the University
of Rijeka, Faculty of Medicine, Rijeka, Croatia, as well as by the Veterinary Department of the Ministry of
Agriculture, and have been performed under the Croatian Animal Protection Act, which has been
matched with existing European Union legislation. Animals were randomly assigned to groups and
housed in cages in groups, a maximum of six animals/cage. Animals belonging to the same experimen-
tal group were housed together and were not housed with animals from other experimental groups.

BALB/c mice were infected with 2 � 105 PFU/mouse of tissue culture-grown MCMV in a volume of
500 ml (i.v.) or 50 ml (f.p.) of pure DMEM or 20 ml of PBS (i.n.). Animals were sacrificed at indicated time
points, organs were harvested, and the expression of viral proteins was determined by immunohisto-
chemistry analysis, or viral titers were determined by plaque assay on MEFs in two technical replicates
(18). Statistical significance was calculated by unpaired two-tailed Mann–Whitney U test using GraphPad
Prism 9 software.

Data availability. Sequences of the primary transcripts M116 and M116-M114 have been deposited
into NCBI GenBank with accession numbers OK149197 and OK149198, respectively.
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