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The E3 ubiquitin ligase MARCHF8 restricts HSV-1 infection by 
inhibiting replication of the viral genome
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Host cell restriction factors are intracellular proteins that 
target and inhibit virus replication. Membrane-associated 
RING-CH finger (MARCHF) proteins are a family of intra-
cellular E3-ubiquitin ligases and some, including MARCHF8, 
have been implicated in restricting the replication of diverse 
RNA viruses. However, little is currently known as to whether 
MARCHF proteins mediate antiviral activity against DNA vi-
ruses. Herein, we used a doxycycline-inducible overexpression 
system to demonstrate that human MARCHF1 and MARCHF8 
potently restrict productive HSV-1 replication and assessed 
MARCHF8-mediated restriction of HSV-1 in detail. A func-
tional RING-CH domain and a tyrosine-based motif, located in 
the N- and C-terminal cytoplasmic tail of MARCHF8, 
respectively, were required for HSV-1 restriction. For many 
RNA viruses, MARCHF8-mediated restriction has been asso-
ciated with downregulation of viral envelope glycoproteins 
from the cell surface, thereby limiting their subsequent 
incorporation into nascent virions. However, while MARCHF8 
expression did not affect virus entry, translocation of viral 
genome to the nucleus and immediate early (IE) gene 
expression, it did inhibit HSV-1 genomic replication, and 
therefore subsequent late gene expression and release of in-
fectious virions. MARCHF8-mediated restriction of HSV-1 
occurred independent of other cellular factors known to 
impact genomic replication of HSV-1, namely SAMHD1 and 
CD81, and could also proceed efficiently in cells expressing a 
functional cGAS-STING pathway. To our knowledge, these 
studies are the first to demonstrate MARCHF8-mediated re-
striction against a human DNA virus. Moreover, inhibition of 
HSV-1 genomic replication represents a novel mechanism of 
MARCHF8-mediated virus restriction that is distinct to its 
reported antiviral activity against different RNA viruses.

Mammalian membrane-associated RING-CH-type finger 
(MARCHF) proteins were first identified as mammalian 
structural homologs of the viral membrane ubiquitin ligases, 
K3 and K5, which are expressed by Kaposi’s sarcoma-
associated herpesvirus (KSHV) (1). The first mammalian 
MARCHF protein to be characterized was MARCHF8 (pre-
viously known as cellular modulator of immune regulation 
(c-MIR)), which is a functional homologue of the herpesvirus 
proteins MIR1 and MIR2, and shares similar substrate spec-
ificity (2). To date, 11 human MARCHF proteins have been 
reported. Most MARCHF proteins consist of an N-terminal 
RING-CH domain and two or more transmembrane domains, 
although MARCHF7 and MARCHF10 lack predicted trans-
membrane domains (reviewed in (3)). MARCHF proteins 
function as E3 ubiquitin ligases and catalyze the transfer of 
ubiquitin from ubiquitin conjugating enzymes (E2s) to target 
proteins, marking them for proteasomal and/or lysosomal 
degradation. Some MARCHF proteins are also known to 
auto-ubiquitinate to maintain homeostasis (4–6).
MARCHF proteins are expressed in a wide variety of cells 

and play significant roles in immune regulation, largely via 
modulation of immune molecules through ubiquitination. 
MARCHF1 and MARCHF8 have been particularly well 
studied, sharing approximately 60% sequence homology (7) as 
well as some overlapping substrate specificity. For example, 
both target and regulate the expression of major histocom-
patibility complex class II (MHC II) proteins and the cos-
timulatory molecule cluster of differentiation (CD)86. While 
earlier studies reported selective recognition of other cell 
surface proteins such as CD44 and CD81 by MARCHF8, but 
not MARCHF1 (8, 9) we recently confirmed that one of the 
two MARCHF1 isoforms expressed does modulate CD44 and 
CD81 expression (10). MARHCHF1 is primarily expressed in 
secondary lymphoid tissue (reviewed in (3)) whereas 
MARCHF8 is expressed in a variety of cell types, including in 
terminally-differentiated myeloid cells such as monocyte-
derived macrophages and dendritic cells (DC), and in a vari-
ety of other cell types, including T cells, epithelial cells and 
neurons (11, 12).
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Emerging evidence indicates that certain MARCHF pro-
teins modulate a range of different virus infections, either by 
regulating innate immune signaling or via direct interactions 
with specific viral components. For example, during influenza 
A virus (IAV) or vesicular stomatitis virus (VSV) infections, 
MARCHF5 can target and ubiquitinate MAVS aggregates to 
suppress MAVS-mediated type I IFN signaling and excessive 
immunopathology (13). However, MARCHF5 also mediates 
K48-linked polyubiquitination and degradation of RIG-I (14), 
highlighting its dual action in upregulating, as well as pre-
venting, continued RIG-I-mediated signalling. Recent studies 
reported that MARCHF8 can target the cytoplasmic DNA 
sensor cyclic GMP-AMP synthase (cGAS), resulting in its 
ubiquitination and subsequent degradation (15). MARCHF8 
can also be recruited by tetherin, a cellular protein with broad 
spectrum antiviral activity, to mediate downregulation of the 
MAVS signaling pathway via K27-linked ubiquitination of 
MAVS (16).
MARCHF proteins have also been shown to mediate direct 

antiviral activity against different RNA viruses. MARCHF8 
downregulates the cell-surface expression of viral envelope 
proteins from a number of RNA viruses, including human 
immunodeficiency virus (HIV)-1, vesicular stomatitis virus 
(VSV), and murine leukemia virus (MLV) (17–19), thereby 
reducing their incorporation into nascent virions released 
from virus-infected cells. For VSV-G (18) and MLV p15E (19), 
this occurs by MARCHF8-mediated ubiquitination of lysine 
(K) residues in the cytoplasmic tail (CT) of each protein. 
Utilizing pseudovirus assays, K residues in the CT of envelope 
glycoproteins derived from other viruses, including members 
of the rhabdovirus, arenavirus, and togavirus families, were 
also shown to be critical for targeting by MARCHF8 (17, 20). 
For IAV, MARCHF8 was reported to polyubiquitinate a 
cytoplasmic K residue of the viral matrix 2 (M2) protein, 
redirecting it from the plasma membrane to lysosomal 
degradation (21). However, viruses pseudotyped with mutants 
of the HIV-1 envelope (Env) glycoprotein, including mutants 
in which cytoplasmic K residues were mutated (22) or the 
entire CT was deleted (23), were still effectively down-
regulated, indicating that MARCHF8 likely targets other viral 
and/or cellular proteins to mediate this effect. Similarly, 
pseudoviruses expressing mutants of Ebola virus glycoprotein 
(EboV-GP) or the severe acute respiratory syndrome coro-
navirus (SARS-CoV)-2 spike (S) glycoprotein lacking their 
respective CTs were also effectively downregulated by 
MARCHF8 (23). MARCHF1 and MARCHF2 have also been 
reported to downregulate cell-surface expression of HIV-1 
Env (24).
Given its established role in regulating immune markers 

and its broad-spectrum antiviral activity against RNA viruses, 
we investigated the ability of MARCHF8 to restrict herpes 
simplex virus (HSV)-1, a human DNA virus from the Her-
pesviridae family. Herein, we demonstrate that inducible 
expression of MARCHF8 in human epithelial cell lines 
(HEK293T, HeLa, BEAS-2B) and monocytic tumor cell line 
(THP-1) resulted in potent inhibition of productive

replication of both HSV-1 and HSV-2. MARCHF8 did not 
inhibit virus entry and translocation of viral genome to the 
nucleus but did inhibit HSV-1 genomic replication and late 
gene expression. These findings indicate that MARCHF8 in-
hibits productive HSV-1/2 replication via a mechanism that is 
distinct from its reported antiviral activity against RNA 
viruses.

Results
Inducible expression of MARCHF8 in human epithelial cells 
inhibits productive HSV-1 replication

MARCHF proteins, particularly MARCHF8 (M8), have 
been shown to act as potent restriction factors against diverse 
RNA viruses; however, little is known regarding their antiviral 
activity against DNA viruses. In a recent study, we used cell 
lines with doxycycline (Dox)-inducible protein expression to 
demonstrate that M8, but not the closely related MARCHF1 
(M1, isoform 1.2), restricted IAV at a late stage in the virus 
replication cycle (25). To assess the ability of M1 and M8 to 
inhibit HSV-1, we first used flow cytometry to confirm Dox-
inducible expression of FLAG-tagged M1 and M8 proteins in 
293T cells (Fig. 1A), noting that expression of either protein 
was enhanced in the presence of MG132 and chloroquine 
(CQ), to inhibit proteasomal and lysosomal degradation, 
respectively. A control (CTRL) cell line with Dox-inducible 
expression of cytoplasmic hen egg ovalbumin and lacking a 
N-terminal FLAG tag was included for comparison. In pre-
vious studies, we demonstrated that inducible M1 and M8 
both effectively downregulated cell-surface CD86 expression 
(10, 25), confirming functionality of both FLAG-tagged 
proteins.
To determine if M1 or M8 could restrict HSV-1 growth, 

cells cultured in the presence or absence of Dox were infected 
with HSV-1 (strain KOS, MOI = 0.1) and titers of infectious 
virus in clarified supernatants were determined at 2, 24, and 
48 h post-infection (hpi). Relative to 2 hpi, virus titers 
increased progressively at 24 and 48 hpi in all cell lines tested 
(Fig. 1B). While we did not observe significant differences in 
titers of HSV-1 recovered from CTRL or M1 cells in the 
presence or absence of Dox, inducible expression of M8 
resulted in significantly reduced titers of HSV-1 (p < 0.001) at 
24 and 48 hpi. Similarly, following infection of cells with 
increasing MOI, we observed that cells expressing M8, but 
not M1, restricted HSV-1 growth at all MOI tested (Fig. 1C). 
In all experiments to date, 293T cells were cultured in the 
presence or absence of Dox for 24 h prior to and at all time 
points following inoculation with HSV-1. Next, we investi-
gated the potency of M8-mediated restriction of HSV-1 if Dox 
was added prior to (Before), before and after (Before + After), 
or only after (After) inoculation with HSV-1. As seen 
(Fig. 1D), inducible M8, but not M1, restricted HSV-1 growth 
under all experimental conditions, noting that restriction was 
most potent when Dox was added before and after inocula-
tion with HSV-1. Therefore, cells were cultured in Dox prior 
to and after HSV-1 in all subsequent experiments.
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Figure 1. Inducible expression of MARCHF8 in human epithelial cells inhibits productive replication of HSV-1. A, 293T cells with doxycycline (DOX)-
inducible expression of FLAG-tagged MARCHF1 (M1) or MARCHF8 (M8), or of an irrelevant intracellular control protein lacking a FLAG tag (CTRL) were 
cultured in the presence (Dox) or absence (No Dox) of 1 μg/ml Dox for 24 h (solid line), or in the presence of Dox for 20 h before addition of MG132 and 
chloroquine (MG132+CQ) for the last 4 h. Cells were then fixed and stained for intracellular expression of FLAG-tagged proteins and analysed by flow 
cytometry. Representative histograms are shown. B and C, 293T cells with Dox-inducible protein expression were incubated in the presence (Dox, grey 
bars) or absence (No Dox, white bars) of Dox for 24 h and then (B) infected with the KOS strain of HSV-1 (MOI 0.1) and supernatants collected at 2, 24 and 
48 h post-infection (hpi), or (C) infected with KOS strain of HSV-1 at different MOIs (0.01, 0.1 and 1) and supernatants collected at 48 hpi. Virus titres in cell-
free supernatants were determined by plaque assay on Vero cells. Representative technical replicates from one of B) n = 2 or C) n = 3 independent 
experiments shown. D, 293T cells with Dox-inducible protein expression were incubated with 1ug/ml Dox for 24 h before infection (Before), both before 
and after infection (Before + After) or Dox was added only after infection (After). Cells were infected with HSV-1 (MOI 0.1) and virus titres in clarified 
supernatants collected at 48 hpi were determined by plaque assay. Representative technical replicates from one of n = 3 independent experiments are 
shown. E, BEAS2B or HeLa cells with Dox-inducible expression of FLAG-tagged M1 or M8 were cultured in the presence (Dox) or absence (No Dox) of 1 ug/ 
ml Dox for 24 h (solid line), or in the presence of Dox for 20 h before addition of MG132 and chloroquine (MG132+CQ) for the last 4 h. Cells were then fixed 
and stained for intracellular expression of FLAG-tagged proteins and analysed by flow cytometry. Representative histograms are shown. F, BEAS2-B or
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In a recent study, we reported that some restriction factors 
mediate antiviral activity in a cell type-specific manner (26). 
Therefore, we generated human epithelial cell lines (HeLa and 
BEAS-2B) with Dox-inducible expression of M1 and M8 and 
confirmed intracellular expression of FLAG-tagged proteins 
by flow cytometry (Fig. 1E), as well as the ability of M8, but 
not M1, to mediate potent anti-HSV-1 activity (Fig. 1F).
We also analyzed whether levels of inducible M1/8 were 

modulated during HSV-1 infection. For these experiments, 
293T, BEAS-2B, or HeLa cells were infected with HSV-1 TK 
GFP (MOI 2), and at 8 hpi we used flow cytometry to compare 
levels of FLAG-tagged M1/M8 protein in GFP + (HSV-1-
infected) cells vs uninfected (mock) cells (Fig. S1A; gating 
strategy). Preliminary experiments examining later time 
points showed high levels of cell death at 24 or 48 hpi at >50% 
or >70% total cells, respectively, even when using low MOI 
conditions. As seen (Fig. S1B), levels of inducible M1 and M8 
were significantly reduced in HSV-1-infected cells (indicated 
by both a reduction in % of FLAG + cells and gMFI of FLAG + 

cells). Moreover, we showed that simultaneous blocking of 
proteasomal and lysosomal protein degradation using 
MG132/CQ recovered a high degree of M1/M8 expression 
(Fig. S1C). Together, our results indicate that HSV-1 infection 
can reduce the expression of inducible M1 and M8, noting 
that the impact on M1 expression was more marked in the 
cell types examined.

A functional RING-CH domain is essential for 
MARCHF8-mediated restriction of HSV-1 and of HSV-2

Mutations in the RING domain are known to disrupt E3 
ligase activity and have been shown to abrogate the ability 
of M8 to reduce expression of viral envelope glycoproteins 
and/or the infectivity of RNA viruses (11, 22, 25, 27). 
Therefore, flow cytometry (Fig. 2A) and Western blot 
(Fig. 2B) were used to confirm Dox-inducible expression of 
FLAG-tagged parental M8, as well as the E3 ligase mutants 
M8-CS or M8-W114A (Fig. 3A), in 293T cells. Moreover, 
potent restriction of HSV-1 was observed in cells expressing 
M8, but this was completely abrogated in cells expressing 
either M8-CS or M8-W114A mutants (Fig. 2C). These data 
confirm the critical importance of a functional RING-CH 
domain for M8-mediated restriction of HSV-1. As 
observed for M8, expression levels of M8 E3 ligase mutant 
proteins were also reduced in HSV-1-infected cells 
(Fig. S2A), noting that the reduction in M8-W114A 
expression was relatively modest.
Next, we assessed the ability of cells with inducible M8 or 

M8-CS expression to inhibit the growth of different strains of 
HSV-1, as well as HSV-2. In addition to the HSV-1 strain KOS 
(Fig. 1D), M8 also potently restricted the growth of F and 
SC-16 strains of HSV-1, as well as HSV-2 strain 186 (Fig. 2D), 
whereas cells expressing M8-CS did not. Of interest, M8 did

not restrict the growth of a vaccinia virus (Fig. 2D), an un-
related DNA virus that replicates within the cytoplasm of 
infected cells (28). To ensure results were not due to lower 
expression of M8-CS (Fig. 2B), we also confirmed loss of virus 
restriction using the M8-W114A mutant following infection 
with HSV-1 and HSV-2 (Fig. S2B). Of note, a small but sig-
nificant enhancement of virus titers was observed in DOX-
treated M8-W114A cells in some experiments.

Structural characteristics of MARCHF8 and MARCHF1 that 
contribute to their ability to restrict HSV-1

When considering the C-terminal cytoplasmic tail (C-CT) 
of M8, the 222 YxxL 225 , but not the 232 YxxV 235 motif, was re-
ported to be critical for M8-mediated restriction of HIV-1 
(22). We previously generated 293T cells with Dox-
inducible expression of M8 C-CT tyrosine mutants
( 222 AxxL 225 or 232 AxxV 235 ) (Fig. 3A) to demonstrate 
(i) inducible expression of each FLAG-tagged mutant, as well 
as the ability of both mutants to effectively downregulate 
CD86, by flow cytometry, and (ii) the importance of the 
222 YxxL 225 motif for M8-mediated restriction of IAV (25). We 
used the same cell lines to investigate the importance of 
tyrosine-based motifs in the M8 C-CT in contributing to the 
restriction of HSV-1. Following infection, parental cells 
expressing M8 and the M8 232 AxxV 235 mutant restricted the 
growth of HSV-1, whereas M8 222 AxxL 225 did not (Fig. 3B). 
Thus, as for HIV-1 (22) and IAV (25), mutation of the 
222 YxxL 225 motif in the M8 C-CT abrogated its ability to 
inhibit productive HSV-1 replication.
M1 and M8 show a high degree of sequence conservation 

across the entire protein, with the N-terminal cytoplasmic 
domain (N-CT) showing the greatest degree of variability be-
tween the two proteins (29). In a previous study, we generated 
cell lines expressing M1 and M8 with their N-CT deleted 
(M1_ΔN-CT and M8_ΔN-CT, respectively), as well as 
chimeric mutants where the N-CT of M8 was swapped onto 
M1 (M1_M8 N-CT), and where the N-CT of M8 was swapped 
onto M1 [M1_M8 N-CT]) (25). These studies confirmed 
expression of each FLAG-tagged deletion or chimeric protein 
and confirmed no major differences in their ability to down-
regulate CD86 as a measure of functionality (25). We next used 
these cell lines to investigate the ability of the N-CT of M1 and 
M8 to modulate antiviral activity against HSV-1. When 
considering M8, cell lines expressing a deletion mutant lacking 
the M8 N-CT (M8_ΔN-CT) or a chimeric mutant of M8 
expressing the M1 N-CT (M8_M1 N-CT) both inhibited HSV-
1 to significant levels (Fig. 3C). Moreover, deletion of the M1 
N-CT (M1_ΔN-CT) resulted in acquisition of HSV-1 restric-
tion and a chimeric mutant of M1 expressing the M8 N-CT 
(M1_M8 N-CT) also potently inhibited HSV-1 growth 
(Fig. 3D). Similar to previous results reported herein, DOX-
inducible M1 did not restrict HSV-1 growth, although in this

HeLa cells with Dox-inducible protein expression were incubated in the presence (Dox, grey bars) or absence (No Dox, white bars) of Dox for 24 h, infected 
with HSV-1 (MOI = 0.1) and virus titres in clarified supernatants determined at 48 hpi. Technical replicates from one of two independent experiments are 
shown. Limit of detection for plaque assay results are shown as a horizontal line. Statistical analysis was performed using a mixed effects model utilizing 
data points from all experiments, as described in Experimental procedures. *p < 0.01, **p < 0.001, ***p < 0.0001 and ns = not significant.
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case a modest, but significant enhancement in virus titers was 
observed across multiple experiments. These findings indicate 
that (i) the N-CT of M8 is not necessary for M8-mediated 
restriction of HSV-1, whereas in contrast (ii) the N-CT of 
M1 in fact inhibits the anti-HSV-1 activity of the rest of the 
protein, and (iii) anti-HSV-1 activity can be restored to M1 by 
deletion of N-CT or by substitution of the M8-N-CT into M1. 
Two isoforms of M1 (M1.1 and M1.2) have been described 

which are very similar in overall structure and homology but 
show major differences in the sequence of their N-CT domain 
(10) and differing expression levels in human peripheral blood 
mononuclear cells and macrophages (10) We recently 
confirmed that Dox-inducible expression of either M1.1 or 
M1.2 in 293T cells resulted in effective downregulation of 
cell-surface CD86; however, only M1.1 also downregulated 
cell-surface CD44 and CD81 (10). Furthermore, we showed 
that M1.1, but not M1.2, restricted IAV growth and generated 
deletion mutants to identify the residues in the M1.2 N-CT 
responsible for blocking its anti-IAV activity (10). For ex-
periments presented to date in the current study, all M1 cell 
lines have expressed the M1.2 isoform. In previous studies, we 
confirmed that M8, but not M1.2, mediated potent anti-IAV 
activity (25) and later reported that the M1.1 isoform did 
indeed restrict IAV replication (10). Therefore, we next 
compared the ability of M1.1 versus M1.2 to restrict growth of

HSV-1. As seen (Fig. 3D/E), infection of 293T cells with Dox-
inducible M1.1 resulted in potent inhibition of HSV-1 growth 
whereas cells expressing M1.2 (shown as M1 in figure) did 
not.
Given that autoubiquitination of M1 has been associated 

with regulating its own intracellular expression levels (4), we 
previously generated mutants with stepwise deletions to 
remove specific lysine (K) residues from the N-CT of M1.2 (at 
residues 15, 16, 29 and 40, which might serve as potential 
targets for autoubiquitination), generated stable 293T cell 
lines with inducible expression of each mutant, and reported 
that deletion of 16 residues from the M1.2 N-CT was suffi-
cient to restore its antiviral activity against IAV (10). When 
using these cell lines to assess HSV-1 growth (Fig. 3E), dele-
tion mutants lacking 16, 29, and 40 residues from the N-CT of 
M1.2 all mediated potent anti-HSV-1 activity (data not 
shown), however even deletion of 15 residues from the N-CT 
(M1_Δ15) was sufficient to restore the anti-HSV-1 activity of 
M1.2 (Fig. 3E). Therefore, deletion of the first 15 N-terminal 
residues of the M1.2 N-CT domain is sufficient to restore its 
ability to restrict HSV-1 growth.
Finally, we show that expression of all M1/M8 deletion 

mutants and chimeric proteins was significantly reduced in 
HSV-1-infected compared to mock-infected cells (Fig. S3). 
Despite this, we observed clear evidence that all could

Figure 2. A functional E3 ligase domain is required for antiviral activity against a-herpesviruses. A and B, 293T cells with Dox-inducible expression of 
FLAG-tagged parental M8 or E3 ligase mutants (M8 CS or M8 W114A) were cultured in the presence or absence of Dox for 24 h or in Dox for 20 h before 
addition of MG132+CQ for the last 4 h. Dox-inducible protein expression was then determined (A) by flow cytometry using an anti-FLAG mAb to stain for 
intracellular protein expression, or (B) by Western blot using a M8-specific polyclonal Ab, with a Calnexin loading control. C and D, 293T cells with Dox-
inducible protein expression were cultured in the presence (Dox) or absence (No Dox) of Dox and then infected with (C) HSV-1 KOS (MOI 0.1), or (D) HSV-1 
strains F or SC-16, HSV-2 strain 186 or VACV-OVA (all at MOI 0.1). Virus titres in clarified supernatants collected at 48 hpi were determined by plaque assay. 
Technical replicates from one of three independent experiments are shown. Limit of detection for plaque assay results are shown as a horizontal line. 
Statistical analysis was performed using a mixed effects model utilizing data points from all experiments, as described in Experimental procedures. *p < 
0.01, **p < 0.001, ***p < 0.0001 and ns = not significant.
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restrict HSV-1 replication to a significant degree, except 
inducible M1.

MARCHF8 does not inhibit HSV-1 entry and translocation to 
the nucleus but does inhibit HSV-1 genomic replication and 
late viral gene expression
Next, we aimed to determine which steps in the HSV-1 

replication cycle were inhibited by M8. Initial studies used a 
recombinant HSV-1 virus with a disrupted thymidine kinase 
(TK) gene that expresses green fluorescent protein (GFP) 
under the HCMV promoter (HSV-1-TK-GFP) (30). When 
cells are infected with this virus, GFP expression occurs 
independently of HSV-1 genomic replication but requires 
entry of the viral genome into the nucleus. As such, this virus 
is useful to assess the impacts of M8 on the early stages of 
HSV-1 replication within infected cells. Therefore, M8 and 
M8-CS 293T cells cultured in the presence or absence of Dox 
were infected with HSV-1-TK-GFP (MOI = 10) and the 
percentage of GFP + cells determined at 8 hpi. As shown 
(Figs. 4A(i) and S4A), no significant differences were observed 
in percentage of GFP + cells in the presence or absence of 
inducible M8, indicating that M8 does not inhibit cellular 
entry of HSV-1 or translocation of genomic HSV-1 DNA from

the cytoplasm into the nucleus. As an independent approach, 
M8 and M8-CS cells cultured in the presence or absence of 
Dox were also infected with the HSV-1 KOS strain and 
stained for intracellular expression of HSV-1 ICP4 protein, an 
immediate early (IE) gene that is expressed prior to genomic 
replication (31). Similar to results obtained using the HSV-1-
TK-GFP virus, no significant differences were observed in the 
percentage of ICP4 + cells at 8 hpi in the presence or absence 
of Dox (Figs. 4A(ii) and S4B).
To assess the impact of M8 on HSV-1 late gene expression 

we used a recombinant HSV-1 virus that expresses GFP and 
red fluorescent protein (RFP) from the HSV-1 glycoprotein 
(g)B and gC promoters, respectively (HSV-1 double fluores-
cent (DF)). HSV-1 gB is a leaky-late (γ1) gene expressed prior 
to and after HSV-1 genomic replication (32). In contrast, 
HSV-1 gC is a true late (γ2) gene that requires HSV-1 
genomic replication for expression (32). Thus, when HSV-1 
genomic replication is blocked, early GFP expression will 
proceed, whereas RFP expression will be suppressed. Pre-
liminary experiments used flow cytometry to confirm that 
(i) infected cells expressed GFP, but not RFP, at 8 hpi, (ii) cells 
expressed both GFP and RFP at 18 hpi, and (iii) that phos-
phonoacetic acid (PAA), a known inhibitor of HSV-1

Figure 3. Structural characteristics of MARCHF8 and MARCHF1 that contribute to their ability to inhibit productive replication of HSV-1. 
A, schematic showing the domain structure of M8 and highlight M8 mutants utilized in this study. B and C, stable 293T cell lines with DOX-inducible 
expression of parental M8 or M1 or (B) M8 C-CT tyrosine motif mutants M8-222 Axx L225 or M8-232 AxxV 235 , (C) M8 with N-CT deletion (M8_ΔN-CT) or 
substitution for the N-CT of M1 (M8_M1 N-CT), or M1 with N-CT deletion (M1_ΔN-CT) or substitution for the N-CT of M8 (M1_M8 N-CT) were generated 
and characterized previously (25). D/E, schematic of M1 isoform 2 (M1) showing specific lysine (K) residues in the N-CT, as well as M1 N-CT deletion 
mutants lacking the entire N-CT (M1_ΔN-CT) or lacking 15 residues from the N-CT of M1.2 (M1_Δ15). 293T cells with DOX-inducible expression of M1, M1 
isoform 1 (M1.1) and M1_Δ15 were generated and characterized previously (10). B, C, and E, cells were cultured in the presence (Dox) or absence (No Dox) 
of 1 μg/ml Dox and then infected with HSV-1 KOS (MOI 0.1). Virus titres in clarified supernatants collected at 48 hpi were determined by plaque assay. 
Technical replicates from 1 of (A) n = 3, (B) n = 5, and (C) n = 5 independent experiments are shown. Limit of detection for plaque assay results are shown 
as a horizontal line. Statistical analysis was performed using a mixed effects model utilizing data points from all experiments as described in Experimental 
Procedures. *p < 0.01, **p < 0.001, ***p < 0.0001 and ns = not significant.
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Figure 4. MARCHF8 does not inhibit HSV-1 entry and translocation to the nucleus but does inhibit HSV-1 genomic replication and late viral gene 
expression. A, 293T cells with Dox-inducible expression of FLAG-tagged M8 or M8-CS were cultured in the presence (Dox) or absence (No Dox) of 1ug/ml 
Dox for 24 h (solid line) and then infected with i) HSV-1 KOS-TK-GFP (MOI 2) or ii) HSV-1 KOS (MOI 4) and analysed at 8 hpi. (i) Cells were fixed and the 
percentage of GFP + cells was determined by flow cytometry. (ii) Cells were fixed, permeabilized and stained with a mAb to the immediate early HSV-1 
protein ICP4, followed by Alexa Fluor 488-conjugated chicken anti-mouse Ig (right panel). Representative technical replicates from (A) n = 3 and (B) n = 2 
experiments are shown. B, following 24 h culture in the presence or absence of Dox, cells were infected with a double fluorescent HSV-1 virus (DF-HSV-1), 
expressing GFP and RFP under control of the HSV-1 gB or gC promoters, respectively. At either 8 (MOI = 2) or 18 (MOI = 5) hpi, cells were fixed and EGFP 
and RFP expression analysed by flow cytometry. Technical replicates from one of three independent experiments are shown. C, (i) A549 cells were 
transfected with 10 μM of M8-specific or NTC siRNA for 48 h, infected with DF-HSV-1 (MOI 1) and levels of GFP or RFP expression determined by flow 
cytometry at 18 hpi. Technical replicates from one of four independent experiments are shown. (ii) A549 cells were transfected with 10 μM of M8-specific 
or NTC siRNA for 48 h and then infected with HSV-1 KOS (MOI 0.001). Virus titres in clarified supernatants collected at 36 hpi were determined by plaque 
assay. Technical replicates from one of four independent experiments are shown. Limit of detection for plaque assay results are shown as a horizontal line. 
(iii) Pooled data of log 2 fold change in viral titres from average NTC titres across four experiments are shown, different symbol used for each experiment.
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replication (33), completely inhibited RFP expression at 18 
hpi, although some expression of GFP was still observed (data 
not shown). These data validate the functionality of the HSV-
1 DF virus to examine impacts on HSV-1 early gene expres-
sion (GFP at 8 hpi, prior to genomic replication) and late gene 
expression (RFP at 18 hpi, after genomic replication) and are 
consistent with published studies describing the generation 
and characterization of this virus (34).
Next, we investigated the impact of inducible M8 on HSV-1 

early gene expression prior to genomic replication (gB-GFP, 8 
hpi), as well as late gene expression following genomic 
replication (gC-RFP, 18 hpi). M8 and M8-CS cells were 
therefore cultured in the presence or absence of Dox, infected 
with HSV-1 DF and the percentage of GFP + and RFP + cells 
determined at 8 and 18 hpi. At 8 hpi, similar percentages of 
GFP + cells were detected in M8 and M8-CS cells cultured the 
presence or absence of Dox, whereas RFP levels were very low 
(<0.5% RFP + cells) (Figs. 4B and S5). At 18 hpi, HSV-1 
infection in the presence of inducible M8, but not M8-CS, 
resulted in significantly reduced percentages of both GFP + 

and RFP + cells (Figs. 4B and S5). These findings suggest that 
M8 inhibits HSV-1 at a step after early HSV-1 gene expres-
sion and prior to late gene expression. Of note, as GFP is 
linked to leaky late gene expression, the significant reduction 
in GFP observed at 18 hpi is likely due to reduced GFP 
expression from the gB promoter following HSV-1 genomic 
replication.
To assess the impact of endogenous M8 on HSV-1 late 

gene expression, we utilized qPCR to screen cell lines (293T, 
A549 and THP-1, including PMA-differentiated THP-1) for 
levels of endogenous M8 expression. Amongst these, 
A549 cells showed the highest levels of endogenous M8 
expression (Fig. S6A(i)). We then confirmed efficient siRNA-
mediated knockdown of M8 in A549 cells relative to cells 
treated with non-targeting control (NTC) siRNA (Fig. S6A 
(ii)). Next, following siRNA-mediated knockdown of M8, 
A549 cells were infected with HSV-1-DF virus and expression 
of GFP and RFP (driven from the gB and gC promotors, 
respectively), were determined at 18 hpi. Relative to NTC-
treated control cells, siRNA-mediated knockdown of endog-
enous M8 was associated with a significant enhancement in 
the percentage of GFP + and RFP + cells at 18 hpi (Figs. 4C(i) 
and S7), consistent with inhibition of HSV-1 late gene 
expression by endogenous M8. Moreover, following siRNA-
mediated knockdown of M8, A549 cells were infected with 
HSV-1 KO (MOI 0.001) at virus titres determined at 36 hpi. 
Relative to NTC-treated cells, knockdown of endogenous M8 
significantly enhanced virus titers (Fig. 4C(ii-iii)), consistent 
with the ability of endogenous M8 to restrict HSV-1 repli-
cation. While DOX-inducible M8 expression in 293T cells is 
�30-fold higher than expression of endogenous M8 in

A549 cells by qPCR (data not shown), these data confirm that 
like inducible M8, endogenous M8 can also inhibit HSV-1 
replication. Of note, we also demonstrated that HSV-1 
infection had minimal impact on the expression of endoge-
nous M8 in 293T, A549 or THP-1 cells at the mRNA level, 
although we did observe a modest upregulation in expression 
of M1 mRNA following infection (Fig. S6B).
To determine whether M8 expression resulted in inhibition 

of HSV-1 genomic replication, cells (M8 and M8-CS 293T) 
cultured in the presence and absence of Dox were infected 
with HSV-1 (MOI 0.1) and HSV-1 genome copy numbers 
determined at 2 hpi (residual cell-associated virus prior to 
genomic replication) and 18 hpi (following infection and viral 
genomic replication). While no differences in genome copy 
number were observed between uninduced and Dox-induced 
cells at 2 hpi (Fig. 4D), expression of M8, but not M8-CS, 
resulted in a significant reduction in genome copy number at 
18 hpi (Fig. 4D) confirming that M8 expression resulted in 
inhibition of HSV-1 genomic replication.
For enveloped RNA viruses such as HIV-1, reduced 

incorporation of viral envelope glycoproteins into nascent 
virions in the presence of M8 results in a reduced infectivity 
per particle of virions released from infected cells (11). Similar 
findings have been reported for IAV (25) and for pseudotyped 
viruses expressing VSV-G envelope glycoproteins (21). We 
used a similar approach to determine the ratio between titers 
of infectious HSV-1 (plaque assay) and the total number of 
particles released (qPCR) in cell-free supernatants from HSV-
1-infected cells in the presence or absence of inducible M8 or 
M8-CS. While previous studies reported a substantial (>90%) 
reduction in infectivity per particle for HIV-1 (11) and IAV 
(25) in the presence of M8, this was not the case for HSV-1. 
Instead, we observed a very modest (<10%), reduction in 
the infectivity per particle of HSV-1 released from infected 
cells in the presence of inducible M8 (Fig. 4E), consistent with 
a block in HSV-1 replication resulting in reduced release of 
infectious virions rather than a reduced infectivity per particle 
of nascent virions.

Inducible expression of MARCHF8 in PMA-differentiated 
THP-1 cells inhibits productive HSV-1 replication

While epithelial cells represent a key target for HSV-1 
infection, immune cells such as macrophages are also sus-
ceptible to infection and key restriction factors, such as 
SAMHD1, have been reported to exert anti-HSV-1 activity in 
macrophage-like cells (35). Therefore, THP-1 monocytic cells 
with Dox-inducible expression of M8 or M8-CS were gener-
ated, differentiated for 24 h in the presence of PMA and used 
to confirm expression of FLAG-tagged proteins by flow 
cytometry (Fig. 5A) and Western blot (Fig. 5B). Inducible

D, 293T cells with Dox-inducible protein expression cultured for 24 h in the presence or absence of Dox were infected with HSV-1 (MOI 0.1). At 2 and 18 
hpi, total cellular DNA was extracted for real-time qPCR. HSV-1 DNA copy number was determined relative to a standard curve generated using a plasmid 
expressing the HSV-1 TK gene. Technical replicates from one of five independent experiments are shown and the horizontal line indicates the limit of 
detection. E, infectivity per virion was determined as the ratio between the titre of infectious virus (Log 10 PFU/ml) and the copy number of the Tk gene 
(Log 10 DNA copies/ml) from each sample. Technical replicates from one of three independent experiments are shown. Statistical analysis was performed 
using a mixed effects model utilizing data points from all experiments. *p < 0.01, **p < 0.001, ***p < 0.0001 and ns = not significant.
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expression of M8, but not M8-CS, also resulted in down-
regulation of endogenous cell surface CD86 confirming 
expression of functional M8 protein in THP-1 cells (Fig. 5C). 
Next, we confirmed the ability of M8, but not M8-CS, to 
inhibit growth of both HSV-1 and HSV-2 in PMA-
differentiated THP-1 cells (Fig. 5D). M8-mediated inhibition 
of HSV-1 growth in THP-1 cells occurred at a similar step in 
the virus replication cycle to that described using 293T 
epithelial cells, as M8 expression in differentiated THP-1 did 
not inhibit the percentage of cells that stained positive for the 
IE gene product ICP4 (Figs. 5E and S4C) but did result in 
significant inhibition of HSV-1 genomic replication (Fig. 5F 
(i)). Moreover, expression of inducible M8 in PMA-
differentiated THP-1 cells did not result in a significant 
reduction in the infectivity per virion of HSV-1 released from 
infected cells (Fig. 5F(ii)). These findings are distinct to the 
potent inhibition of infectivity per particle reported for HIV-1 
(11), IAV (25) and other RNA viruses, which is associated 
with reduced incorporation of viral envelope glycoproteins 
into nascent virions.

Cellular CD81 is not essential for MARCHF8-mediated 
restriction of HSV-1 replication in epithelial or monocytic cell 
lines

In neurons, CRISPR/Cas9-mediated knockout (KO) of 
CD81 did not impact HSV-1 IE gene expression but did 
inhibit HSV-1 genomic replication and subsequent release of 
infectious virions (36). Given that (i) we and others have 
demonstrated that inducible expression of M8 results in 
potent downregulation of CD81 (8, 10, 25), and (ii) M8-
mediated restriction of HSV-1 also does not impact HSV-1 
IE gene expression but does inhibit viral genomic replica-
tion, we investigated whether M8-mediated regulation of 
CD81 contributes to the mechanism through which M8 re-
stricts HSV-1 growth in epithelial and/or macrophage cell 
lines.
Initial experiments used flow cytometry to confirm efficient 

siRNA-mediated knockdown of CD81 in M8 or M8-CS 293T 
cells (Fig. 6A (i)). In cells cultured without Dox, CD81 
knockdown resulted in a modest reduction in HSV-1 titers 
relative to NTC-treated controls, indicating that CD81 is not 
essential for productive HSV-1 replication in 293T cells. 
Moreover, M8-mediated restriction of HSV-1 could proceed 
efficiently with or without CD81 knockdown (Fig. 6A(ii)). We 
also confirmed efficient siRNA-mediated knockdown of CD81 
in THP-1 cells, however treatment of these cells with NTC 
siRNA rendered them refractory to supporting subsequent 
HSV-1 infection and growth (data not shown).
As an independent approach to assess the contribution of 

CD81 to M8-mediated restriction of HSV-1, we used CRISPR/ 
Cas9 to generate 293T (M8 or M8-CS) and THP-1 (M8 or 
M8-CS) cells lacking expression of endogenous CD81. First, 
we used flow cytometry to confirm loss of cell-surface CD81 
expression in 293T M8/M8-CS CD81 KO cells (Fig. 6B(i)) and 
in THP-1 M8/M8-CS CD81 KO cells (Fig. 6B(ii)), and that cell

surface expression of related tetraspanins (CD9, CD82 and 
CD151) were unaffected in CD81. Moreover, Western blot 
confirmed effective loss of CD81 in 293T CD81 KO cells 
(Fig. 6C(i)) and in THP-1 CD81 KO cells (Fig. 6C(ii)), as well 
as Dox-inducible expression of M8 and M8-CS proteins in 
both cell types. Of note, levels of CD81 were reduced in 293T 
M8 and THP-1 M8 cells cultured in Dox, consistent with the 
ability of M8 to downregulate CD81 expression (8). Having 
confirmed the integrity of CD81 KO 293T and THP-1 cells, 
we next assessed early gene product expression (by ICP4 
staining), as well as virus growth (by plaque assay), following 
infection with HSV-1. First, we did not observe any differ-
ences in the percentage of ICP4 + 293T ((Fig. 6D(i)) or THP-1 
(Fig. 6D(ii)) cells, irrespective of whether M8 or M8-CS cells 
were cultured in the presence or absence of Dox. However, 
Dox-inducible M8, but not M8-CS, could effectively restrict 
HSV-1 growth in both 293T (Fig. 6E(i)) and in THP-1 cells 
(Fig. 6E(ii)), irrespective of endogenous CD81 expression. 
Together, these studies confirm that CD81 is dispensable for 
M8-mediated restriction of HSV-1 in both epithelial and 
macrophage cell lines.

Cellular SAMHD1 is not essential for MARCHF8-mediated 
restriction of HSV-1 replication

SAMHD1 is a potent antiviral restriction factor against 
HIV-1 (37) and a number of herpesviruses, including HSV-1 
(35, 38). Of interest, SAMHD1-mediated inhibition of 
HSV-1 in macrophages does not inhibit early gene expression 
but does block HSV-1 genomic replication and late gene 
expression (35). Moreover, modulation of CD81 has been 
shown to impact SAMHD1-mediated restriction of HIV-1 
(39), and M8 is known to target and downregulate CD81 
(8). Given established links between M8, CD81 and SAMHD1, 
we first utilized Jurkat cells, a human T cell line reported to 
lack expression of endogenous SAMHD1 (40). While 
SAMHD1 was readily detected in THP-1 cells by Western 
blot, it was not be detected in Jurkat cell lysates, even after 
stimulation with type I IFN (Fig. 7A). Next, we generated 
Jurkat cells with Dox-inducible expression of M8 or M8-CS 
(Fig. 7B) and confirmed that HSV-1 growth was effectively 
restricted by M8, but not M8-CS (Fig. 7C).
For THP-1 SAMHD1 KO cell lines, we used Western blot 

to confirm SAMHD1 KO, as well as expression of inducible 
M8 and M8-CS, in parental (WT) and in SAMHD1 KO THP-
1 cells (Fig. 7D). Following infection with HSV-1, we observed 
no differences in the percentage of ICP4 + cells between WT 
and SAMHD1 KO cell lines cultured in the presence or 
absence of Dox (Fig. 7D(i)). When assessing virus growth in 
PMA-differentiated THP-1 cells, enhanced titers of virus were 
recovered from SAMHD1 KO compared to WT THP-1 cells 
cultured in No Dox conditions, consistent with the estab-
lished role of SAMHD1 as an antiviral restriction factor for 
HSV-1 (35). However, similar levels of M8-mediated restric-
tion of HSV-1 were observed following inducible expression 
of M8 in WT or SAMHD1 KO THP-1 cells (Fig. 7F).
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Figure 5. Inducible expression of MARCHF8 in human macrophage-like THP-1 cells inhibits productive replication of HSV-1. A and B, PMA-
differentiated THP-1 cells with Dox-inducible expression of FLAG-tagged M8 or M8-CS were cultured in No Dox, in Dox for 24 h or in Dox for 20 h 
before addition of MG132+CQ for the last 4 h. Dox-inducible protein expression was then determined (A) by flow cytometry using an anti-FLAG mAb to 
stain for intracellular protein expression, or (B) by Western blot using a M8-specific polyclonal Ab, with a Calnexin loading control. C–F, PMA-differentiated 
THP-1 cells were cultured 24 h in the presence (Dox) or absence (No Dox) of 1 μg/ml Dox. C, cells were collected and levels of cell surface CD86 were 
determined by flow cytometry (i) Representative histograms and (ii) geometric mean fluorescence intensity (gMFI) of CD86 from one of three independent 
experiments are shown. D, cells were then infected with HSV-1 KOS or HSV-2186 (both at MOI 5) and virus titres in clarified supernatants collected at 2 and 
48 hpi were determined by plaque assay. Technical replicates from one of 5 (HSV-1) or one of 2 (HSV-2) independent experiments are shown. E, cells were 
then infected with HSV-1 KOS (MOI 10) and at 5 hpi cells were fixed, permeabilized and stained with a mAb to the immediate early HSV-1 protein ICP4, 
followed by Alexa Fluor 488-conjugated chicken anti-mouse Ig (right panel) and analysed by flow cytometry. Technical replicates from one of two
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Together, these data confirm that SAMHD1 is an effective 
restriction factor against HSV-1 in differentiated THP-1 cells 
and that it is not essential for M8-mediated restriction of 
HSV-1 in these cells.

Assessment of MARCHF8-mediated restriction of HSV-1 
replication in the presence or absence of a functional 
cGAS-STING pathway

Double-stranded HSV-1 genomic DNA can be detected by 
the intracellular pattern recognition receptor (PPR) cGAS, 
resulting in downstream STING signaling and subsequent 
host immune responses (41). A recent study demonstrated 
that M8 can ubiquitinate cGAS, resulting in its down-
regulation and subsequent attenuation of the cGAS-STING 
pathway (15). Moreover, M8 KO mice showed enhanced 
antiviral responses and attenuated disease following intrave-
nous HSV-1 infection (15). Considering these findings, we 
were interested to determine the net result of M8-mediated 
antiviral activity against HSV-1 versus its impact on down-
regulation of cGAS on productive HSV-1 replication.
To address this, we first transfected parental (WT) THP-1 

and THP-1 cGAS KO cells with HT-DNA, a ligand known to 
stimulate the cGAS/STING signaling pathway (15). As seen in 
Figure 8A, HT-DNA transfection of parental, but not cGAS 
KO cells, resulted in induction of IFNα and IFNβ, consistent 
with expression of a functional cGAS-STING pathway in 
parental cells. Next, following transduction and selection of 
WT and cGAS KO THP-1 cells, we used Western blot to 
confirm expression of cGAS protein in WT, but not cGAS KO 
THP-1 cells, as well as expression of inducible M8 and M8-CS 
following culture in the presence of Dox (Fig. 8B). Following 
HSV-1 infection, no differences were detected in the per-
centage of ICP4 + cells detected in cells cultured in the pres-
ence or absence of Dox, irrespective of expression of M8 or 
M8-CS (Fig. 8C). In cells cultured in the No Dox condition, 
cGAS KO resulted in a modest increase in the titers of HSV-1 
recovered from infected cells at 48 hpi (Fig. 8D). Following 
culture in the presence of Dox, inducible expression of M8, 
but not M8-CS, resulted in potent inhibition of HSV-1 
growth, irrespective of whether THP-1 cells expressed 
endogenous cGAS or not (Fig. 8D). Moreover, across three 
independent experiments, M8-mediated restriction was more 
potent in cGAS KO cells but was still effective in reducing 
titres of HSV-1 in WT THP-1 cells. Thus, although M8 can 
attenuate the cGAS-STING pathway, inducible expression of 
M8 results in a net restriction of HSV-1 infectivity in differ-
entiated THP-1 cells expressing a functional cGAS-STING 
pathway.

Discussion
The E3 ligase MARCHF8 protein has been previously 

shown to mediate broad spectrum antiviral activity by tar-
geting viral envelope glycoproteins from different RNA 
viruses, including HIV-1, VSV, IAV, CHIKV, RABV, and 
SARS-CoV-1 and -2 (17, 18, 22, 25, 20). In this study we 
demonstrate that the antiviral activity of MARCHF8 extends 
to human α-herpesviruses, namely HSV-1 and HSV-2. Of 
note, MARCHF8 did not inhibit replication of VACV, a 
member of the poxvirus family (28) and further studies are 
required to determine if MARCHF8 and/or other MARCH-
family proteins can inhibit members of other DNA virus 
families. MARCHF8-mediated restriction of HSV-1 was 
associated with a block in viral genomic replication, as well as 
in subsequent steps in the viral replication cycle. Despite 
established links between MARCHF8, CD81, and SAMHD1, 
our studies demonstrated that the presence or absence of 
endogenous CD81 or SAMHD1 did not impact MARCHF8-
mediated restriction of HSV-1. As such, the specific viral 
and/or cellular proteins targeted by MARCHF8 to inhibit 
HSV-1 replication are currently unknown.
For RNA viruses, the antiviral mechanism of action of 

MARCHF8 has been investigated in some detail. MARCHF8 
has been shown to downregulate the HIV-1 Env and VSV-G 
envelope glycoproteins from the cell surface, thereby 
reducing their incorporation into nascent virions released 
from virus-producing cells (11, 18). Of interest, MARCHF8 
targets virus envelope glycoproteins by at least two different 
mechanisms. Downregulation of VSV-G is dependent on the 
function of the N-terminal RING-CH domain of MARCHF8, 
which ubiquitinates residues in its lysine-rich CT, resulting in 
lysosomal degradation (22). While downregulation of HIV-1 
Env also requires a functional RING-CH domain, a canoni-
cal tyrosine-based 222 YxxL 225 motif in the C-terminal CT of 
MARCHF8 is also required, and results in intracellular 
retention without degradation (22). MARCHF8 has also been 
reported to target lysine residues in the cytoplasmic tail of 
rabies virus (RABV) G protein, lymphocytic choriomeningitis 
virus (LCMV) GP protein, chikungunya virus (CHIKV) E2 
proteins and the S glycoproteins of both SARS-CoV-1 and 
SARS-CoV-2 (20), although another study reported that 
MARCHF8-mediated downregulation of HIV-1 Env, EboV-
GP and SARS-CoV-2 S glycoproteins was also observed us-
ing mutants lacking the CT of each viral glycoprotein (23). 
Irrespective of this, MARCHF8-mediated downregulation of 
RABV-G and SARS-CoV-1/2 S glycoproteins (20), as well as 
IAV infectivity (25), occurs via both ubiquitin-dependent and 
tyrosine motif-dependent pathways. Herein, we confirm that 
a functional RING-CH domain, as well as a tyrosine-based 
222 YxxL 225 motif, are key requirements of MARCHF8 to 
mediate effective restriction of HSV-1 growth.

independent experiments are shown. F, cells were then infected with HSV-1 KOS (MOI 1). At 2 and 18 hpi, total cellular DNA was extracted for real-time 
qPCR. (i) HSV-1 DNA copy number was determined relative to a standard curve generated using a plasmid expressing the HSV-1 TK gene. Technical 
replicates from one of three independent experiments are shown and the horizontal line indicates the limit of detection. (ii) Infectivity per virion was 
determined as the ratio between the titre of infectious virus (Log 10 PFU/ml) and the copy number of the TK gene (Log 10 DNA copies/ml) from each sample. 
Statistical analysis was performed using a mixed effects model utilizing data points from all experiments. *p < 0.01, **p < 0.001, ***p < 0.0001 and 
ns = not significant.
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Figure 6. Cellular CD81 does not contribute to M8-mediated restriction of HSV-1 replication. A, 293T cells with Dox-inducible expression of M8 or 
M8-CS were treated with CD81-specific or NTC siRNA and, 24 h later, incubated with (Dox) or without (No Dox) one ug/ml DOX for 24 h. Cells were then 
washed and (i) cell surface CD81 expression was determined by flow cytometry, or (ii) infected with HSV-1 (MOI 0.1) and virus titres in cell-free super-
natants collected at 48 hpi were determined by plaque assay. Technical replicates from one of two independent experiments are shown. B, parental 293T 
and THP-1 cells with Dox-inducible expression of M8 or M8-CS were treated with CD81-specific guide RNA to generate CD81 KO cells. Flow cytometry was 
used to confirm KO of cell surface CD81 in (i) 293T or (ii) THP-1, with minimal effects on expression of the tetraspanins CD9, CD62, and CD151. C, parental 
or CD81 KO (i) 293T or (ii) THP-1 cells cultured for 24 h in the presence (+Dox) or absence (−Dox) of 1 μg/ml Dox were lysed and analysed by Western blot 
using a polyclonal Ab to detect CD81 or M8, or with a Calnexin loading control. D and E, parental or CD81 KO (i) 293T or (ii) THP-1 cells with Dox-inducible 
expression of M8 or M8-CS were cultured for 24 h in the presence or absence of 1 μg/ml Dox. D, cells were infected with HSV-1 KOS (MOI 4 and 10 for 293T 
and THP-1, respectively) and, at 5 hpi, cells were fixed, permeabilized and stained and stained with a mAb to the immediate early HSV-1 protein ICP4, 
followed by Alexa Fluor 488-conjugated chicken anti-mouse Ig. Technical replicates from one of two independent experiments are shown. E, cells were
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Our previous studies demonstrated that the two isoforms 
of MARCHF1 (M1.1 and M1.2) differed in their ability to 
restrict IAV replication (10). As for IAV, we have now 
demonstrated that M1.1, but not M1.2, also restricts HSV-1 
replication. Moreover, our previous study demonstrated that 
a deletion mutant lacking the N-terminal cytoplasmic tail 
(N-CT) domain of M1.2 (M1_ΔN-CT) acquired the ability to 
recognize cellular substrates (e.g. CD44 and CD81), and to 
restrict IAV. Herein, we confirm that the M1_ΔN-CT mutant 
also acquired the ability to restrict HSV-1. Together, these 
findings suggest an inhibitory activity in the N-CT of M1.2 
limits its ability to recognize certain substrates and to restrict 
IAV and HSV-1 replication.
For RNA viruses, MARCHF8 antiviral activity is generally 

associated with downregulation of viral envelope glycoproteins 
from the surface of virus producing cells, thereby reducing 
their incorporation into virions. However, in contrast to HIV-1 
(11) and IAV (25), we demonstrate modest (293T) to no 
reduction (THP-1) in the infectivity per particle of virions 
released from HSV-1-infected cells in the presence of 
MARCHF8. While HSV-1 is an enveloped virus, the

mechanisms driving virion assembly and egress are quite 
distinct to those of enveloped RNA viruses. Following HSV-1 
genomic replication, packaging into preformed capsids and 
transport into the cytoplasm, the nucleocapsid and associated 
tegument proteins bud into the membrane of a cytoplasmic 
organelle, which contains all viral envelope glycoproteins to be 
expressed by the mature virion, in a process called secondary 
envelopment. From here, virions traffic to the periphery and 
are released by exocytosis (reviewed in (42)). Therefore, viral 
glycoproteins do not assemble at the cell surface prior to virus 
release, eliminating the opportunity for MARCHF8-mediated 
downregulation and reduced incorporation into budding vi-
rions. Consistent with this, we observed no major differences 
in infectivity per particle of virions released from HSV-1-
infected cells in the presence or absence of MARCHF8. 
Instead, our studies demonstrate that MARCHF8 restricts 

HSV-1 by interfering with replication and amplification of the 
viral genome. Antagonism at this level would therefore impact 
all subsequent steps in the HSV-1 replication cycle, including 
HSV-1 late gene expression, as well as viral assembly, egress 
and release. During lytic infection, HSV-1 genes are expressed

infected with HSV-1 KOS (MOI 0.1 and five for 293T and THP-1, respectively) and virus titres were determined in cell-free supernatants collected at 48 hpi. 
Technical replicates from one of 3 (293T) or one of 2 (THP-1) independent experiments are shown. The limit of detection is indicated as a horizontal line. 
Statistical analysis was performed using a mixed effects model utilizing data points from all experiments as described in Experimental procedures. 
*p < 0.01, **p < 0.001, ***p < 0.0001 and ns = not significant.

Figure 7. Cellular SAMHD1 does not contribute to MARCHF8-mediated restriction of HSV-1 replication. A, THP-1 and Jurkat cells cultured 24 h in the 
presence (+) or absence (−) of 1000 mU/ml of recombinant human IFN-α were analyzed by Western blot with an anti-SAMHD1 mAb, and with a Calnexin 
loading control. B, Jurkat cells with Dox-inducible expression of FLAG-tagged M8 or M8-CS were cultured in No Dox, in Dox for 24 h or in Dox for 20 h 
before addition of MG132+CQ for the last 4 h. Dox-inducible protein expression was then determined (i) by flow cytometry using an anti-FLAG mAb to 
stain for intracellular protein expression, or (ii) by Western blot using a M8-specific polyclonal Ab, with a Calnexin loading control. C, Jurkat cells with Dox-
inducible expression of M8 or M8-CS cultured for 24 h in the presence (Dox) or absence (No Dox) of 1 μg/ml Dox were then infected with HSV-1 KOS (MOI 
0.1) and virus titres in cell-free supernatants collected at 48 hpi were determined by plaque assay. Technical replicates from one of three independent 
experiments are shown. D–F, PMA-differentiated parental (THP-1) and SAMHD1 knockout (SAMHD1 KO) THP-1 cells with inducible expression of M8 or M8-
CS were cultured for 24 h in the presence (+Dox) or absence (-Dox) of 1 μg/ml Dox. D, cells were lysed and analysed by Western blot using a mAb to detect 
SAMHD1 or a polyclonal Ab to detect M8, or with a Calnexin loading control. E, cells were infected with HSV-1 KOS (MOI 10) and at 5 hpi, cells were fixed, 
permeabilized and stained and stained with a mAb to the immediate early HSV-1 protein ICP4, followed by Alexa Fluor 488-conjugated chicken anti-
mouse Ig. Technical replicates from one of two independent experiments are shown. F, cells were infected with HSV-1 KOS (MOI 5), and virus titres in 
cell-free supernatant collected at 48 hpi were determined by plaque assay. Technical replicates from one of four independent experiments are shown. The 
horizontal line represents the limit of detection. Statistical analysis was done using a mixed-effects model utilizing data points from all experiments. *p < 
0.01, **p < 0.001, ***p < 0.0001 and ns = not significant.
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through a temporal cascade of IE, E, and L viral genes tran-
scribed chronologically by the cellular RNA polymerase II. 
The IE genes code for diverse viral proteins, including VP16 
and ICP4, which can act as viral transcription factors to 
promote activation of E and L gene transcription (43), and E 
gene products include the viral replication machinery as well 
as additional viral proteins to facilitate HSV-1 genomic 
replication (43). L gene transcription commences following 
replication of the viral genome and generally code for viral 
structural proteins, including capsid proteins and glycopro-
teins. Given the complexity of HSV-1 transcription, many 
HSV-1 viral proteins could serve as potential targets for 
recognition by MARCHF8, resulting in ubiquitination and 
subsequent downregulation. Multiple cellular proteins are 
also enriched on viral replication forks and contribute to 
HSV-1 DNA replication (reviewed in (43)), and these could 
also represent potential targets for MARCHF8. Currently, it is 
not known which viral and/or host proteins are targeted by 
MARCHF8 to impair HSV-1 genomic replication, noting that 
its inhibitory effects are likely to be mediated in part through

recognition and subsequent ubiquitination of exposed lysine 
residues within target proteins. However, as for HIV-1 Env 
(22), RABV-G and SARS-CoV-1/2 S glycoproteins (20), as 
well as IAV infectivity (25), tyrosine motif-dependent path-
ways are also critical for MARCHF8 restriction of HSV-1 
infectivity.
In addition to cell-free spread of virions released from 

infected cells, all herpesviruses can spread ‘cell-to-cell’ 
whereby virions can pass directly through cell junctions to 
infect neighboring cells (44). Of interest, a recent study re-
ported that MARCHF1 and MARCHF2 could inhibit pseu-
dorabies virus (PRV), an α-herpesvirus that primarily infects 
pigs, and that restriction occurred at a post-entry stage via 
inhibition of viral glycoprotein-mediated cell-to-cell fusion 
(45). While we have not specifically addressed the impact of 
MARCHF8 on cell-to-cell spread of HSV-1, our findings that 
MARCHF8-mediated restriction of HSV-1 is associated with 
a block at an earlier stage in the virus replication cycle, spe-
cifically at the level of viral genomic replication, in indicative 
of a distinct and novel mechanism of antiviral activity.

Figure 8. MARCHF8-mediated restriction of HSV-1 in THP-1 cells proceeds in the presence of an intact cGAS signaling pathway. A, PMA-
differentiated parental or cGAS KO THP-1 cells were transfected with 5 ug/ml HT-DNA for 8 h, then lysed for isolation of RNA. qPCR was then used to 
determine induction of IFN-α or IFN-β relative to untransfected cells. Technical replicates from one of two independent experiments are shown. B, parental 
or cGAS KO with Dox-inducible expression of M8 or M8-CS were generated. Cells cultured for 24 h in the presence (+Dox) or absence (−Dox) of 1 μg/ml 
Dox, were then lysed and analysed by Western blot using a rabbit mAb to detect cGAS or a rabbit polyclonal Ab to M8, or with a Calnexin loading control. 
C and D, parental or cGAS KO PMA-differentiated THP-1 cells with Dox-inducible expression of M8 or M8-CS were cultured for 24 h in the presence or 
absence of 1 μg/ml Dox. C, cells were infected with HSV-1 KOS (MOI 10) and, at 5 hpi, cells were fixed, permeabilized and stained with a mAb to the 
immediate early HSV-1 protein ICP4, followed by Alexa Fluor 488-conjugated chicken anti-mouse Ig. Technical replicates from one of two independent 
experiments are shown. D, cells were infected with HSV-1 (MOI 5) and virus titres in cell-free supernatants collected 48 hpi were determined by plaque 
assay. Technical replicates from one of three independent experiments are shown. Limit of detection is indicated by a horizontal line. Statistical analysis 
was performed using a mixed effects model utilizing data points from all experiments as described in Experimental procedures. *p < 0.01, **p < 0.001, 
***p < 0.0001 and ns = not significant.
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In addition to restriction of multiple RNA viruses, our 
findings that MARCHF8 also inhibits human DNA viruses 
from the α-herpesvirus family adds a significant new 
dimension to our understanding of the breadth of its anti-
viral activities. Moreover, it paves the way for future studies 
to delve further into the spectrum of antiviral activity and 
the specific mechanism/s by which MARCHF8 mediates 
restriction of DNA viruses in general. Of interest, a recent 
study reported that MARCHF8 targets the cytoplasmic DNA 
sensor cGAS, resulting in its ubiquitination to dampen its 
DNA binding ability, subsequently impairing cGAMP pro-
duction and suppressing cGAS-mediated antiviral signaling 
(15). While the cGAS-STING pathway is defective in most 
cancerous cell lines (46), our studies using THP-1 cells 
confirm that MARCHF8 can restrict HSV-1 replication even 
in cells expressing a functional cGAS-STING pathway. This 
ability of MARCHF8 to restrict HSV-1 genomic replication 
in the face of attenuated cGAS-mediated antiviral signaling 
places it with other antiviral restriction factors such as 
ADAR1, SAMHD1, and MORC3, which limit IFN-inducing 
PRRs or IFN-signaling yet also exert direct antiviral activity 
(47–49), with MORC3 also demonstrating direct antiviral 
activity against HSV-1 (50). Recent research indicates that 
this may be a broader strategy by which the immune system 
controls both viral spread and inflammation in the host, as 
well as self-guarding antiviral factors. Moreover, HSV-1 ac-
tivates multiple PRRs system of the innate immune system 
other than cGAS, including MDA5, TLR3, and TLR9 (51), 
which all act at different stages of viral infection and repli-
cation. Thus, our study places MARCHF8 within a larger, 
orchestrated response to control HSV-1, which acts to pro-
tect the host from damage both through infection and 
inflammation.

Experimental procedures
Cell lines

Human monocytic THP-1 (ATCC TIB-202) cells and 
Madin-Darby Canine kidney (MDCK) cells (ATCC CCL-34) 
were maintained and passaged in RPMI 1640 medium sup-
plemented with 10% (v/v) foetal calf serum (FCS, Gibco, 
Thermo Fisher Scientific), 2 mM L-glutamine (Gibco), 
non-essential amino acids (Gibco), 0.55% (v/v) sodium bi-
carbonate (Gibco), 20 mM HEPES (Gibco), 200 Units (U)/ml 
penicillin (Gibco), and 200 μg/ml streptomycin (Gibco). For 
all experiments, THP-1 were seeded and differentiated in 
25 ng/ml of phorbol myristate acetate (PMA) in culture me-
dia. BEAS-2B cells were maintained in Ham’s F-12K 
(Kaighn’s) Medium (Gibco) supplemented with 10% (v/v) 
FCS, and supplements as above. Human embryonic kidney 
(HEK) 293T (ATCC CRL-3216), HeLa (ATCC CCL-2), hu-
man epithelial type 2 (HEp-2), and African Green monkey 
kidney Vero cells (CSL, Parkville Australia) were maintained 
and passaged in Dulbecco’s Modified Eagle Medium (DMEM) 
(Gibco) supplemented with 10% (v/v) FBS and supplements as 
above. All cell lines were cultured at 37 ◦ C in a humidified 
incubator with 5% (v/v) CO2.

Virus

Herpes simplex virus (HSV)-1 KOS, SC-16, and F strains 
and HSV-2 strain 186, as well as a recombinant HSV-1 KOS 
virus with green fluorescent protein (GFP) inserted to disrupt 
the TK locus and expressed under the control of a HCMV 
promoter (30) were all kindly provided by Prof. Francis Car-
bone, The University of Melbourne, Australia. Recombinant 
HSV-1 viruses on the RE strain background expressing EGFP 
and/or red fluorescent protein (RFP) under the control of the 
HSV-1 gB or gC promoters, respectively (34), referred to as 
double fluorescent (DF) HSV-1, were a kind gift from Paul 
(Kip) Kinchington, University of Pittsburgh. Viruses were 
propagated in Vero cells, and titers of infectious virus were 
determined by standard plaque assay on Vero cells. Vaccinia 
virus (VACV) expressing full length ovalbumin from the p7.5 
(early and late) promoter placed into the (J2R) TK region of 
VACV WR, such that TK is non-functional (52) (VACV-
OVA), was a kind gift from Prof. David Tscharke, Australian 
National University, Australia.

Generation of cell lines with doxycycline-inducible protein 
expression

To produce cell lines with doxycycline (Dox)-inducible 
expression of MARCHF1 or MARCHF8, a three-step cloning 
strategy was used as described (10, 25). Briefly, codon-
optimized MARCHF1 isoform 1 (CCDS54814.1), MARCHF1 
isoform 2 (CCDS3806.1) or MARCHF8 (CCDS7213.1), each 
with a N-terminal FLAG-tag, were synthesized as ‘geneblocks’ 
(GeneArt Strings DNA Fragments; Invitrogen). The coding 
sequence was then sequentially cloned into the pTRE-Tight 
plasmid vector containing a tight TRE promoter that con-
fers Dox inducibility. Fragments were then subcloned into the 
pFUV1-mCherry lentivirus transfer plasmid (kindly provided 
by Professor Marco Herold, The Walter and Eliza Hall 
Institute, Australia) (53). A control cell line (CTRL) express-
ing cytoplasmic hen egg ovalbumin lacking the sequence for 
cell surface trafficking was also prepared. Lentivirus stocks 
were produced by co-transfecting packaging plasmids pMDL 
(gag and pol) (0.25 μg) and pRSV-REV (0.12 μg), as well as 
pMD2G.VSVg envelope plasmid (0.15 μg), and pFUV1-
mCherry-MARCHF1/8 transfer plasmid (0.49 μg) into 293T 
cells using Lipofectamine 2000 (Invitrogen). At 48 h post-
transfection the media was harvested and used to transduce 
either 293T, THP-1, BEAS-2B or HeLa cells in media sup-
plemented with 1ug/ml polybrene and mCherry-positive cells 
were sorted 72 h later using a BD FACS Aria III Cell Sorter 
(BD BioScience) and expanded for use in experiments. The 
MARCHF1.2 isoform was used in all experiments unless 
otherwise stated.

Generation of MARCHF8 and MARCHF1 mutants, as well as 
chimeric MARCHF1 and MARCHF8

MARCHF8 (M8) mutants and chimeric MARCHF1 (M1) 
or M8 proteins were generated as previously described (10, 
25). M8 mutants included (i) a M8 CS mutant (54), where all 
cysteine (C) residues at positions 80, 83, 97, 99, 110, 123, and
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126 were replaced with serine (S) residues, (ii) M8 W114A 
(55) where a tryptophan (W) at position 114 was replaced by 
alanine (A), and (iii) two tyrosine motif mutants 
M8-222 Axx L225 and M8-232 AxxV 235 (22). Additional mutants 
included N-CT domain mutants, where the N-CT domains of 
M1 and M8 were identified based on the position of their 
respective RING-CH domains, and included (i) M8 with 
N-CT deletion (M8_ΔN-CT), M1 with N-CT deletion 
(M1_ΔN-CT), and M1 with sequential removal of specific 
lysine (K) residues (which might serve as potential targets for 
autoubiquitination) from the N-CT to generate M1 N-CT-
Δ15, N-CT-Δ16, N-CT Δ29 and N-CT-Δ40 mutants. In 
addition, we generated a chimeric M8 expressing the N-CT of 
M1 (M8_M1 N-CT) and M1 expressing the N-CT of M8 
(M1_M8 N-CT). Previous studies from our laboratory 
describe the generation of 293T cell lines with Dox-inducible 
expression of mutant and chimeric M1/M8 proteins, as well 
as their characterization by flow cytometry for intracellular 
FLAG (as a measure of protein expression) and CD86 (using 
downregulation to confirm functional protein expression) for
M1, M8, M8 CS, M8 114A, M8-222 Axx L225 , M8-232 AxxV 235 ,
M8_ΔN-CT, and M1_ΔN-CT (25) and for M1 N-CT-Δ15, 
N-CT-Δ16, N-CT D29, and N-CT-Δ40 mutants (10).

Flow cytometry for detection of cell-surface proteins or 
intracellular FLAG expression

293T, THP-1, BEAS-2B or HeLa cells with Dox-inducible 
protein expression were seeded and cultured overnight at 
37 ◦ C. To induce M1/M8 protein expression, cells were 
treated with 1 μg/ml of Dox (Sigma-Aldrich) for 24 h at 37 ◦ C 
and, at 20 h post-Dox induction, 10 μM of the proteasomal 
inhibitor MG132 (Sigma-Aldrich) and 20 μM of the lysosomal 
inhibitor chloroquine (CQ) was added to inhibit intracellular 
protein degradation. At 24 h after addition of Dox cells were 
detached and stained with fixable viability dye eFluor 450 
(eBioscience), and with combinations of phycoerythrin (PE)-
conjugated anti-CD9 (Clone B19a, BioLegend), Brilliant Vio-
let (BV)421-conjugated anti-CD81 (Clone JSS-81, BD Biosci-
ence), Allophycocyanin (APC)-conjugated anti-CD82 (Clone 
ASL-24, BioLegend), BV711-conjugated anti-CD86 (Clone 
FUN-1, BD BioScience), and/or APC-conjugated anti-CD151 
(Clone 50–6, Biolegend)), washed and fixed with 4% (v/v) 
paraformaldehyde in PBS and then analyzed by flow cytom-
etry. For intracellular staining, cells were fixed with 4% (v/v) 
paraformaldehyde in PBS, permeabilized with 0.5% (v/v) 
Triton X-100 in PBS, stained with anti-FLAG-APC mAb 
(Clone L5, Biolegend) and washed and analyzed by flow 
cytometry. Cells were acquired using a LSR Fortessa Flow 
Cytometer (BD Bioscience) and analyzed using FlowJo anal-
ysis software version 10.9.0.
To test impact of HSV-1 infection on expression of FLAG-

tagged M1/M8, cells with DOX-inducible expression of M1/ 
M8 (293T, BEAS-2B or HeLa cells) were seeded, cultured 
overnight and then cultured in the presence (DOX) or 
absence (No DOX) of 1 μg/ml of Doxycycline (Sigma-Aldrich) 
for 24 h at 37 ◦ C. Cells were then mock-infected or infected

with HSV-1-TK-GFP (MOI 2) for 8 h. In some experiments 
cells were infected with HSV-1-TK-GFP for 6 h prior to 
addition of MG132 and chloroquine for 2 h. At 8 hpi, cells 
were detached, stained with viability dye (eFlour 450), fixed 
with 4% (v/v) paraformaldehyde in PBS and then per-
meabilized in 0.5% (v/v) Triton X-100 in PBS and stained with 
an anti-FLAG mAb conjugated to APC (Clone L5, Biolegend). 
Cells were then washed and acquired using a LSR Fortessa 
Flow Cytometer (BD Bioscience) and analyzed using FlowJo 
analysis software version 10.9.0.

Western blot

Cells with Dox-inducible protein expression were cultured 
overnight at 37 ◦ C, then treated with 1 μg/ml Dox for 24 h at 
37 ◦ C and, at 20 h post-Dox induction, 10 μM of MG132 and 
20 μM of CQ were added to inhibit intracellular protein 
degradation. Cells were then lysed in in RIPA lysis buffer (1% 
(v/v) Triton-X-100, 150 mM NaCl, 1% (w/v) Na deoxy-
cholate, 0.1% SDS (v/v), and 50 mM Tris (pH 7.5)) supple-
mented with protease inhibitors (complete Mini Protease 
Inhibitor Cocktail; Roche, Basel, Switzerland). Cell lysates 
were incubated with 5x SDS-sample buffer (50 mM Tris, 
0.05% (w/v) bromophenol blue, 2% (v/v) sodium dodecyl 
sulfate (SDS), with or without 20 mM dithiothreitol (DTT)) 
at 95 ◦ C for 15 min and then separated by gel electrophoresis 
using 10% or 15% (v/v) SDS-polyacrylamide gels. Samples 
were subsequently transferred to a PVDF membrane and 
blocked in blocking buffer (5% (w/v) bovine serum albumin, 
0.1% Tween-20 (Sigma-Aldrich) in PBS) for 1 h at room 
temperature (RT). Membranes were then incubated with 
either anti-FLAG rat mAb (Clone L5, BioLegend), anti-
MARCHF8 rabbit polyclonal (p)Ab (Proteintech), anti-
CD81 mouse mAb (Clone JS-81, Biosciences), anti-SAMHD1 
mouse mAb (Clone OTI3F5, ThermoFisher Scientific), anti-
cGAS rabbit mAb (Clone D1D3G, Cell Signalling), or with 
anti-calnexin rabbit pAb (Abcam) overnight at 4 ◦ C. After 
washing with PBS containing 0.05% (v/v) Tween-20, mem-
branes were probed with appropriate secondary antibodies, 
namely rabbit anti-mouse IgG horseradish peroxidase (HRP, 
DAKO), donkey anti-rabbit IgG HRP (Abcam), donkey anti-
rat HRP (DAKO) or anti-rabbit IgG AlexaFluor 647 (Invi-
trogen), for 2 h at RT. After washing, bound antibodies were 
detected after scanning for fluorescence or chem-
iluminescence using Amersham ImagerQuant 800 and 
analyzed using Fiji ImageJ software.

Virus infection assays

Cells seeded into 24-well tissue culture plates were cultured 
overnight at 37 ◦ C and cells with Dox-inducible protein 
expression were then cultured in the presence or absence of 1 
μg/ml of Dox for a further 24 h. For infection, cells were 
washed and then incubated for 1 h at 37 ◦ C with virus diluted 
to the appropriate multiplicity of infection (MOI, as indi-
cated) in serum-free media. After washing, cells were cultured 
in serum-free media with (Dox) or without (No Dox) 1 μg/ml 
of Dox as indicated. At 2, 24 or 48 h post-infection (hpi) cell
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supernatants were collected, clarified by centrifugation and 
titres of infectious virus were then determined by plaque assay 
on Vero cells with titers expressed as plaque-forming units 
(PFU) per mL (56).

Flow cytometry for detection of HSV-1-infected cells

HSV-1-infected cells were detached, washed, transferred to 
U-bottom 96-well plates (Corning) and then stained with 
fixable viability dye eFluor 780 (eBioscience). Cells were then 
fixed in 2 to 4% (vol/vol) PFA, permeabilized with 0.5% (vol/ 
vol) Triton X-100 in PBS for 10 min at RT, and then washed 
in permeabilization buffer (PBS containing 0.25% [vol/vol] 
Triton X-100, 1% [vol/vol] FCS, and 1 mM EDTA) and 
stained with a mouse mAb specific for HSV-1 ICP5 (VP5) 
(Abcam), followed by chicken anti-mouse IgG conjugated to 
Alexa Fluor 488 (Invitrogen). Cells infected with recombinant 
HSV-1 expressing GFP and/or RFP were stained with fixable 
viability dye eFluor 780 (eBioscience), fixed in 2% (vol/vol) 
PFA and then washed and analyzed by flow cytometry. 
Samples were acquired using a LSR Fortessa Flow Cytometer 
(BD Bioscience) and analyzed using FlowJo analysis software 
version 10.9.0.

siRNA knockdown of endogenous CD81 or MARCHF8

Cells were seeded at 24-well tissue culture plates, cultured 
overnight at 37 ◦ C and then media was replaced by OPTIMEM 
(Gibco) supplemented with 5% FCS. For CD81 knockdown, 
CD81 or non-targeting control (NTC) siRNA (M-017257-02-
0005 siGENOME Human CD81 siRNA SMARTpool (target-
ing four different regions) and DHA-D-001910-10-05 Accell 
Non-targeting, Dharmacon - Horizon Discovery) were mixed 
with serum-free OPTIMEM and Lipofectamine RNAiMAX 
Transfection Reagent (Thermo Fisher) for 5 min at RT and 
50 nM of siRNA/LipoRNAiMAX was then added to cells and 
incubated at 37 ◦ C for 48 h. After washing, cells were either (i) 
stained for cell-surface of CD81 and assessed by flow 
cytometry to determine knockdown efficiency, or (ii) infected 
with the HSV-1 strain KOS at the appropriate MOI (as 
indicated) and virus titres in clarified supernatants were 
determined at various times post-infection. M8 knockdown 
was performed essentially as described (25), with A549 cells 
incubated with 10 nM M8 or NTC siRNA (DHA-E-HUMAN-
XX-0005 Accell SMARTpool (targeting four different re-
gions), Dharmacon - Horizon Discovery) for 48 h prior to (i) 
qPCR for M8 mRNA expression as described (25), (ii) infec-
tion with DF HSV-1 virus (MOI 1) for 18 h before the per-
centage of GFP- and RFP-positive cells were determined by 
flow cytometry or (iii) infection with HSV-1 KO virus (MOI 
0.001) for 36 h before virus titers in clarified supernatants 
were determined by plaque assay.

CRISPR/Cas9 knockout cells deficient in CD81, SAMHD1 or 
cGAS

CD81 knockout (KO) 293T and THP-1 cells were gener-
ated via the CRISPR/Cas9 endonuclease system using SF Cell

Line 4D-Nucleofector X Kit (Lonza). Briefly, cells were 
seeded, cultured for 24 h, and then resuspended in 104 pmol 
Alt-R Cas9 as well as 180 pmol of two gRNAs targeting CD81 
(sgRNA1: 5 ′ GAUCACGCCUCCAGCCAGCU 3 ′ , sgRNA2: 5 ′ 
CUGGCUGGAGGCGUGAUCCU 3 ′ , Synthego). Cells were 
then electroporated in a Nucleocuvette Strip (Lonza), 
expanded in culture and cells lacking cell-surface CD81 
expression were selected and sorted using a BD FACS Aria III 
Cell Sorter (BD BioScience). Parental and SAMHD1 knockout 
THP-1 cells (a kind gift from Professor Thomas Gramberg, 
University of Erlangen-Nuremberg, Germany) were cultured 
in RPMI 1640 medium containing supplements (as above), as 
well as 100 μg/L G418 (Gibco) and 2.5 ug/ml puromycin 
(Gibco). cGAS KO THP-1 (a kind gift from Prof. Si Ming 
Man, The Australian National University) were cultured in 
RPMI 1640 medium containing supplements.

Quantitation of HSV-1 genomic DNA by qPCR

Levels of HSV-1 genomic DNA in virus-infected cells or in 
clarified supernatants from infected cells were determined as 
described (57). Briefly, total cellular DNA was extracted using 
a DNeasy Blood & Tissue Kit (Qiagen) and TaqMan-based 
real-time PCR was performed using 100 ng genomic DNA, 
along with primers (forward 5 ′ -TTGTCTCCTTCCGTGTTT 
CAGTTAGCC-3 ′ ; reverse 5 ′ -GGCTCCATACCGACGATCT 
GCG-3 ′ ), and probe specific for the HSV-1 TK gene (5 ′ -6-
carboxyfluorescein[FAM]-CCATCTCCCGGGCAAACGTGC-
MGBNFQ-3 ′ , ThermoFisher) and TaqMan Fast Advanced 
Master Mix (ThermoFisher) under appropriate cycling condi-
tions (50 ◦ C for 2 min and 95 ◦ C for 10 min, 40 cycles of 95 ◦ C 
for 15 sec and 60 ◦ C for 1 min). A 10-point standard curve was 
generated using serial 10-fold dilutions of pGEMT-Easy TK 
qPCR plasmid (a kind gift from David Tscharke, Australian 
National University) and the copy number of HSV-1 DNA 
from each sample was calculated relative to the standard curve 
and results were expressed as log 10 DNA copies/ml. The limit 
of detection (LOD) for the assay was set to 2. The ratio be-
tween the titer of infectious HSV-1 (plaque assay) and the total 
number of HSV-1 particles released (qPCR) was then used to 
determine the infectivity per particle as described (58).

Detection of endogenous MARCHF1 or 8 mRNA expression by 
qPCR

Detection of endogenous MARCHF1 and eight mRNA was 
performed as described previously (10, 25). Briefly, total RNA 
was extracted using a RNeasy mini kit (Qiagen) and was 
converted to cDNA using a SensiFAST cDNA synthesis kit 
(Bioline). A SYBR green-based qPCR assay was then used to 
determine expression of MARCHF1/8 and housekeeping 
genes GAPDH (glyceraldehyde 3-phosphate dehydrogenase) 
and TBP (TATA-binding protein) using a SensiFAST SYBR 
Lo-ROX kit. The specific primers used were as follows: 
MARCHF8, forward (5 ′ -AGCCACTGAGAAAATGGGA-
GAAG-3 ′ ) and reverse (5 ′ -TGTCACTGAGCACATGAT 
CTTCC-3 ′ ); MARCH 1.1, forward (5 ′ -CGCCTCACAAA
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CCTCCACAT-3 ′ ) and reverse (5 ′ -TGTTGGGCTGC 
TTGCTTTTG-3 ′ ); MARCH 1.2, forward (5 ′ -ATGACCAG-
CAGCCACGTTT-3 ′ ) and reverse (5 ′ -CAAGTTAGATAA 
TTTGGCATCTTGG-3 ′ ); GAPDH, forward (5 ′ -TGAAGG 
TCGGAGTCAACGG-3 ′ ) and reverse (5 ′ -GGCAACAATAT 
CCACTTTACCAGAG-3 ′ ); and TBP, forward (5 ′ -GCACT-
GATTTTCAGTTCTGG-3 ′ ) and reverse (5 ′ -GCTGGAAAA 
CCCAACTTCTGT-3 ′ ). Data acquisition was performed using 
the QuantStudio 7 Pro (Applied Biosystems), and MARCHF8 
expression relative to housekeeping genes was determined 
using the 2 -ΔCT method, while expression of MARCHF1/8 
was determined relative to mock-treated cells using the
2 -ΔΔCT method (25).

Detection of IFNa and IFNb mRNA by qPCR to confirm 
functionality of the cGAS/STING pathway

Parental and cGAS KO THP-1 cells seeded and cultured 
overnight at 37 ◦ C were transfected with 5 μg/ml HT-DNA 
(Merck) using Lipofectamine 2000 (Invitrogen) in OPTI-
MEM (Gibco). After 8 h, total RNA was extracted using a 
RNeasy mini kit (Qiagen, Germany) and was converted to 
cDNA using a SensiFAST cDNA synthesis kit (Bioline). qPCR 
(QuantStudio 7 pro) was performed to determine expression 
of IFNα1 (forward 5 ′ -GACTCCATCTTGGCTGTGA-3 ′ and 
reverse 5 ′ - TGATTTCTGCTCTGACAACCT-3 ′ ) or IFNβ 
(forward 5 ′ -CAGTCCTGGAAGAAAAACTGGAGA-3 ′ and 
reverse 5 ′ -TTGGCCTTCAGGTAATGCAGAA-3 ′ ) or GAPDH, 
(forward 5 ′ -TGAAGGTCGGAGTCAACGG-3 ′ and reverse 5 ′ -
GGCAACAATATCCACTTTACCAGAG-3 ′ ) Relative expres-
sion of IFNα and IFNβ was determined after normalizing to 
housekeeping gene and then relative to untransfected cells 
using the 2 -ΔΔCt method (59).

Statistical analysis and data visualization

Graphs and statistical analysis (as indicated in the figure 
legends) was generated using R-Studio. Statistical analysis 
was performed by utilizing a mixed effects model (nlme 
package in R) to estimate the fixed effects (e.g. difference 
between Dox vs No Dox or siRNA vs NTC while controlling 
for similarities between technical replicates (random ef-
fects) in each independent experiment (biological repli-
cates)). This model utilizes the Satterthwaite approximation 
for calculating p-values (via the LmerTest package). To 
ensure model assumptions were met, we inspected the 
normality of the residuals using QQplots and used the 
Shapiro–Wilk test.
The mixed-effect model was used as it allows for a more 

accurate estimate of the variation associated which each 
sample after accounting for technical replication. For clarity 
of visualization representative data from one experiment 
(technical replicates) is shown in figures, but significance was 
calculated utilizing all data points from each independent 
(biological) experiments (i.e. if three independent experiments 
were performed, each with three technical replicates, nine 
data points were used in the model).

Data availability
The majority of data are contained within the manuscript 

and any additional data can be shared upon request (Prof. 
Patrick Reading: preading@unimelb.edu.au)

Supporting information—This article contains supporting infor-
mation (10).

Acknowledgments—We acknowledge the Melbourne Cytometry 
Platform (Peter Doherty Institute node) for provision of flow 
cytometry services. We also thank Marco Herold at the Walter and 
Eliza Hall Institute for provision of the lentiviral constructs.

Author contributions—Y. X., L. R. N., F. V., M. B. T., and R. F. 
methodology; Y. X., L. R. N., and R. F. validation; Y. X., P. C. R., and
R. F. formal analysis; Y. X., L. R. N., F. V., M. B. T., P. C. R., and R. 
F. investigation; Y. X., L. R. N., F. V., M. B. T., A. G. B., E. B., R. B.,
S. L. L., P. C. R., and R. F. writing—review and editing; A. G. B.,
S. L. L., P. C. R., and R. F. conceptualization; A. G. B., S. L. L., and 
P. C. R. resources; A. G. B., E. B., R. B., S. L. L., and P. C. R. project 
administration; A. G. B., S. L. L., and P. C. R. funding acquisition;
R. B.: supervision; P. C. R. and R. F. writing—original draft; R. F. 
data curation.

Funding and additional information—This study was supported by 
Project Grant # APP1143154 from The National Health and Med-
ical Research Council (NHMRC) of Australia. The Melbourne 
WHO Collaborating Centre for Reference and Research on Influ-
enza is supported by the Australian Government Department of 
Health and Ageing. E. B. and R. B. are supported by the German 
Research Foundation (DFG) through grant 369799452–TRR237 
Nucleic Acid Immunity, projects A06 and B19 under Germany’s 
Excellence Strategy–EXC2151 to 390873048. Dr Rubaiyea Farrukee 
was supported throughout this project through the Global Virus 
Network Postdoctoral Fellowship.

Conflict of interest—The authors declare that they have no conflicts 
of interest with the contents of this article.

Abbreviations—The abbreviations used are: CD, cluster of differ-
entiation; c-MIR, cellular modulator immune regulation; CT, 
cytoplasmic tail; DCs, dendritic cells; Dox, doxycycline; GFP, green 
fluorescent protein; HSV, herpes simplex virus; IAV, influenza A 
virus; IE, immediate early; KO, knockout; KSHV, Kaposi’s sarcoma-
associated herpesvirus; MARCHF, Membrane-associated RING-
CH finger; MHC II, major histocompatibility complex class II; 
MLV, murine leukemia virus; N-CT, N-terminal cytoplasmic 
domain; SARS-CoV, severe acute respiratory syndrome coronavi-
rus; VSV, vesicular stomatitis virus.

References
1. Früh, K., Bartee, E., Gouveia, K., and Mansouri, M. (2002) Immune 

evasion by a novel family of viral PHD/LAP-finger proteins of gamma-2 
herpesviruses and poxviruses. Virus Res. 88, 55–69

2. Goto, E., Ishido, S., Sato, Y., Ohgimoto, S., Ohgimoto, K., Nagano-Fujii, 
M., et al. (2003) c-MIR, a human E3 ubiquitin ligase, is a functional 
homolog of herpesvirus proteins MIR1 and MIR2 and has similar ac-
tivity. J. Biol. Chem. 278, 14657–14668

3. Lin, H., Li, S., and Shu, H.-B. (2019) The membrane-associated MARCH 

E3 ligase family: emerging roles in immune regulation. Front. Immunol. 
https://doi.org/10.3389/fimmu.2019.01751

MARCHF8 inhibits HSV-1

18 J. Biol. Chem. (2025) 301(9) 110567

mailto:preading@unimelb.edu.au
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref1
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref1
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref1
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref2
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref2
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref2
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref2
https://doi.org/10.3389/fimmu.2019.01751


4. Bourgeois-Daigneault, M.-C., and Thibodeau, J. (2012) Autoregulation of 
MARCH1 expression by dimerization and autoubiquitination. J. 
Immunol. 188, 4959–4970

5. Hoer, S., Smith, L., and Lehner, P. J. (2007) MARCH-IX mediates 
ubiquitination and downregulation of ICAM-1. FEBS Lett. 581, 
45–51

6. Li, C., Wang, D., Lv, X., Jing, R., Bi, B., Chen, X., et al. (2017) Yersinia 
pestis acetyltransferase-mediated dual acetylation at the serine and lysine 
residues enhances the auto-ubiquitination of ubiquitin ligase MARCH8 
in human cells. Cell Cycle 16, 649–659

7. Liu, H., Mintern, J. D., and Villadangos, J. A. (2019) Ligases in immunity. 
Curr. Opin. Immunol. 58, 38–43

8. Bartee, E., Eyster, C. A., Viswanathan, K., Mansouri, M., Donaldson, J. 
G., and Früh, K. (2010) Membrane-Associated RING-CH proteins 
associate with Bap31 and target CD81 and CD44 to lysosomes. PLoS One 
5, e15132

9. Eyster, C. A., Cole, N. B., Petersen, S., Viswanathan, K., Früh, K., and 
Donaldson, J. G. (2011) Ubiquitin ligases alter the itinerary of clathrin-
independent cargo from recycling to degradation. Mol. Biol. Cell 22, 
3218–3230

10. Villalón-Letelier, F., Farrukee, R., Londrigan, S. L., Brooks, A. G., and 
Reading, P. C. (2022) Isoforms of human MARCH1 differ in ability to 
restrict influenza A viruses due to differences in their N terminal 
cytoplasmic domain. Viruses 14, 2549

11. Tada, T., Zhang, Y., Koyama, T., Tobiume, M., Tsunetsugu-Yokota, Y., 
Yamaoka, S., et al. (2015) MARCH8 inhibits HIV-1 infection by reducing 
virion incorporation of envelope glycoproteins. Nat. Med. 21, 
1502–1507

12. Guo, S., Zhang, Y., Wei, C., Shi, L., and Feng, Y. (2019) The E3 ubiquitin 
ligase MARCH8 regulates TNF-α-induced apoptosis in hippocampal 
neurons by targeting myosin light chain 2 for degradation. Anat. Rec. 
(Hoboken) 302, 2271–2278

13. Yoo, Y.-S., Park, Y.-Y., Kim, J.-H., Cho, H., Kim, S.-H., Lee, H.-S., et al. 
(2015) The mitochondrial ubiquitin ligase MARCH5 resolves MAVS 
aggregates during antiviral signalling. Nat. Commun. 6, 7910

14. Park, Y.-J., Oanh, N. T. K., Heo, J., Kim, S.-G., Lee, H.-S., Lee, H., et al.
(2020) Dual targeting of RIG-I and MAVS by MARCH5 mitochondria 
ubiquitin ligase in innate immunity. Cell Signal. 67, 109520

15. Yang, X., Shi, C., Li, H., Shen, S., Su, C., and Yin, H. (2022) MARCH8 
attenuates cGAS-mediated innate immune responses through ubiq-
uitylation. Sci. Signal. 15, eabk3067

16. Jin, S., Tian, S., Luo, M., Xie, W., Liu, T., Duan, T., et al. (2017) Tetherin 
suppresses type I interferon signaling by targeting MAVS for NDP52-
mediated selective autophagic degradation in human cells. Mol. Cell 
68, 308–322.e4

17. Yu, C., Li, S., Zhang, X., Khan, I., Ahmad, I., Zhou, Y., et al. (2020) 
MARCH8 inhibits Ebola virus glycoprotein, human immunodeficiency 
virus type 1 envelope glycoprotein, and avian influenza virus H5N1 
hemagglutinin maturation. mBio 11. https://doi.org/10.1128/mbio. 
01882-20

18. Xu, F., Liu, X., Zhang, D., Zhao, F., Fan, Z., Hu, S., et al. (2021) The 
engineered MARCH8-resistant vesicular stomatitis virus glycoprotein 
enhances lentiviral vector transduction. Hum. Gene Ther. 32, 936–948

19. Umthong, S., Lynch, B., Timilsina, U., Waxman, B., Ivey, E. B., and 
Stavrou, S. (2021) Elucidating the antiviral mechanism of different 
MARCH factors. mBio 12. https://doi.org/10.1128/mbio.03264-20

20. Zhang, Y., Ozono, S., Tada, T., Tobiume, M., Kameoka, M., Kishigami, 
S., et al. (2022) MARCH8 targets cytoplasmic lysine residues of various 
viral envelope glycoproteins. Microbiol. Spectr. 10, e00618-21

21. Liu, X., Xu, F., Ren, L., Zhao, F., Huang, Y., Wei, L., et al. (2021) 
MARCH8 inhibits influenza A virus infection by targeting viral M2 
protein for ubiquitination-dependent degradation in lysosomes. Nat. 
Commun. 12, 4427

22. Zhang, Y., Tada, T., Ozono, S., Kishigami, S., Fujita, H., and Tokunaga,
K. (2020) MARCH8 inhibits viral infection by two different mechanisms. 
Elife. https://doi.org/10.7554/eLife.57763

23. [preprint] Lun, C. M., Waheed, A. A., Majadly, A., Powell, N., and Freed, 
E. O. (2021) Mechanism of viral glycoprotein targeting by membrane-

associated-RING-CH proteins. bioRxiv. https://doi.org/10.1101/2021. 
01.25.428025

24. Zhang, Y., Tada, T., Ozono, S., Yao, W., Tanaka, M., Yamaoka, S., et al.
(2019) Membrane-associated RING-CH (MARCH) 1 and 2 are MARCH 

family members that inhibit HIV-1 infection. J. Biol. Chem. 294, 
3397–3405

25. Villalón-Letelier, F., Brooks, A. G., Londrigan, S. L., and Reading, P. C.
(2021) MARCH8 restricts influenza A virus infectivity but does not 
downregulate viral glycoprotein expression at the surface of infected 
cells. mBio 12, e0148421

26. Nigos, L. R., Scott, N. E., Brooks, A. G., Ait-Goughoulte, M., Londrigan, 
S. L., Reading, P. C., et al. (2023) TRIM16 overexpression in HEK293T 
cells results in cell line-specific antiviral activity. Pathogens. https://doi. 
org/10.3390/pathogens12060852

27. Tada, T., Zhang, Y., Kong, D., Tanaka, M., Yao, W., Kameoka, M., et al. 
(2024) Further characterization of the antiviral transmembrane protein 
MARCH8. Cells 13, 698

28. Tolonen, N., Doglio, L., Schleich, S., and Locker, J. K. (2001) Vaccinia 
virus DNA replication occurs in endoplasmic reticulum-enclosed cyto-
plasmic mini-nuclei. Mol. Biol. Cell 12, 2031–2046

29. Bauer, J., Bakke, O., and Morth, J. P. (2017) Overview of the membrane-
associated RING-CH (MARCH) E3 ligase family. New Biotechnol. 38, 
7–15

30. Rinaldi, A., Marshall, K. R., and Preston, C. M. (1999) A non-cytotoxic 
herpes simplex virus vector which expresses Cre recombinase directs 
efficient site specific recombination. Virus Res. 65, 11–20

31. Pesola, J. M., Zhu, J., Knipe, D. M., and Coen, D. M. (2005) Herpes 
simplex virus 1 immediate-early and early gene expression during 
reactivation from latency under conditions that prevent infectious virus 
production. J. Virol. 79, 14516–14525

32. Heath, J. R., and Dembowski, J. A. (2022) Fashionably late: temporal 
regulation of HSV-1 late gene transcription. PLoS Pathog. 18, e1010536

33. Honess, R. W., and Watson, D. H. (1977) Herpes simplex virus resis-
tance and sensitivity to phosphonoacetic acid. J. Virol. 21, 584–600

34. Ramachandran, S., Knickelbein, J. E., Ferko, C., Hendricks, R. L., and 
Kinchington, P. R. (2008) Development and pathogenic evaluation of 
recombinant herpes simplex virus type 1 expressing two fluorescent 
reporter genes from different lytic promoters. Virology 378, 254–264

35. Kim, E. T., White, T. E., Brandariz-Núñez, A., Diaz-Griffero, F., and 
Weitzman, M. D. (2013) SAMHD1 restricts herpes simplex virus 1 in 
macrophages by limiting DNA replication. J. Virol. 87, 12949–12956

36. Benayas, B., Sastre, I., López-Martín, S., Oo, A., Kim, B., Bullido, M. J., 
et al. (2020) Tetraspanin CD81 regulates HSV-1 infection. Med. 
Microbiol. Immunol. 209, 489

37. Puigdomènech, I., Casartelli, N., Porrot, F., and Schwartz, O. (2013) 
SAMHD1 restricts HIV-1 cell-to-cell transmission and limits im-
mune detection in monocyte-derived dendritic cells. J. Virol. 87, 
2846–2856

38. Hollenbaugh, J. A., Gee, P., Baker, J., Daly, M. B., Amie, S. M., Tate, J., 
et al. (2013) Host factor SAMHD1 restricts DNA viruses in non-dividing 
myeloid cells. PLoS Pathog. 9, e1003481

39. Rocha-Perugini, V., Suárez, H., Álvarez, S., López-Martín, S., Lenzi, G. 
M., Vences-Catalán, F., et al. (2017) CD81 association with SAMHD1 
enhances HIV-1 reverse transcription by increasing dNTP levels. Nat. 
Microbiol. 2, 1513–1522

40. de Silva, S., Hoy, H., Hake, T. S., Wong, H. K., Porcu, P., and Wu, L. 
(2013) Promoter methylation regulates SAMHD1 gene expression in 
human CD4+ T cells. J. Biol. Chem. 288, 9284–9292

41. Deng, L., Xu, Z., Li, F., Zhao, J., Jian, Z., Deng, H., et al. (2022) Insights 
on the cGAS-STING signaling pathway during herpesvirus infections. 
Front. Immunol. 13, 931885

42. Rice, S. A. (2021) Release of HSV-1 cell-free virions: mechanisms, regu-
lation, and likely role in human-human transmission. Viruses 13, 2395

43. Packard, J. E., and Dembowski, J. A. (2021) HSV-1 DNA replication— 

coordinated regulation by viral and cellular factors. Viruses 13, 2015
44. Mateo, M., Generous, A., Sinn, P. L., and Cattaneo, R. (2015) Connec-

tions matter − how viruses use cell–cell adhesion components. J. Cell Sci. 
128, 431–439

MARCHF8 inhibits HSV-1

J. Biol. Chem. (2025) 301(9) 110567 19

http://refhub.elsevier.com/S0021-9258(25)02418-4/sref4
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref4
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref4
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref5
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref5
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref5
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref6
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref6
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref6
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref6
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref7
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref7
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref8
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref8
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref8
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref8
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref9
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref9
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref9
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref9
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref10
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref10
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref10
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref10
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref11
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref11
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref11
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref11
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref12
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref12
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref12
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref12
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref13
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref13
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref13
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref14
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref14
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref14
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref15
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref15
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref15
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref16
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref16
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref16
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref16
https://doi.org/10.1128/mbio.01882-20
https://doi.org/10.1128/mbio.01882-20
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref19
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref19
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref19
https://doi.org/10.1128/mbio.03264-20
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref21
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref21
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref21
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref23
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref23
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref23
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref23
https://doi.org/10.7554/eLife.57763
https://doi.org/10.1101/2021.01.25.428025
https://doi.org/10.1101/2021.01.25.428025
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref26
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref26
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref26
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref26
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref30
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref30
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref30
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref30
https://doi.org/10.3390/pathogens12060852
https://doi.org/10.3390/pathogens12060852
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref39
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref39
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref39
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref40
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref40
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref40
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref41
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref41
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref41
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref27
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref27
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref27
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref44
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref44
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref44
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref44
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref45
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref45
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref46
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref46
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref28
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref28
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref28
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref28
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref48
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref48
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref48
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref49
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref49
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref49
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref50
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref50
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref50
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref50
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref51
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref51
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref51
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref52
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref52
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref52
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref52
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref53
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref53
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref53
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref54
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref54
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref54
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref56
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref56
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref57
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref57
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref58
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref58
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref58


45. Huang, R., Rao, C.-H., Bai, Y.-Z., Yu, C., Chen, M., Peng, J.-M., et al. 
(2024) MARCH1 and MARCH2 inhibit pseudorabies virus replication 
by trapping the viral cell-to-cell fusion complex in trans-Golgi network. 
Vet. Microbiol. 295, 110164

46. Suter, M. A., Tan, N. Y., Thiam, C. H., Khatoo, M., MacAry, P. A., 
Angeli, V., et al. (2021) cGAS–STING cytosolic DNA sensing 
pathway is suppressed by JAK2-STAT3 in tumor cells. Sci. Rep. 11, 
7243

47. Bartok, E., and Hartmann, G. (2020) Immune sensing mechanisms that 
discriminate self from altered self and foreign nucleic acids. Immunity 
53, 54–77

48. Gaidt, M. M., Morrow, A., Fairgrieve, M. R., Karr, J. P., Yosef, N., and 
Vance, R. E. (2021) Self-guarding of MORC3 enables virulence factor-
triggered immunity. Nature 600, 138–142

49. Remick, B. C., Gaidt, M. M., and Vance, R. E. (2023) Effector-Triggered 
immunity. Annu. Rev. Immunol. 41, 453–481

50. Sloan, E., Orr, A., and Everett, R. D. (2016) MORC3, a component of 
PML nuclear bodies, has a role in restricting herpes simplex virus 1 and 
human cytomegalovirus. J. Virol. 90, 8621–8633

51. Paludan, S. R., Bowie, A. G., Horan, K. A., and Fitzgerald, K. A. (2011) 
Recognition of herpesviruses by the innate immune system. Nat. Rev. 
Immunol. 11, 143–154

52. Restifo, N. P., Bacík, I., Irvine, K. R., Yewdell, J. W., McCabe, B. 
J., Anderson, R. W., et al. (1995) Antigen processing in vivo and 
the elicitation of primary CTL responses. J. Immunol. 154, 
4414–4422

53. Herold, M. J., van den Brandt, J., Seibler, J., and Reichardt, H. M. (2008) 
Inducible and reversible gene silencing by stable integration of an 
shRNA-encoding lentivirus in transgenic rats. Proc. Natl. Acad. Sci. U. S. 
A. 105, 18507–18512

54. Fujita, H., Iwabu, Y., Tokunaga, K., and Tanaka, Y. (2013) Membrane-
associated RING-CH (MARCH) 8 mediates the ubiquitination and 
lysosomal degradation of the transferrin receptor. J. Cell Sci. 126, 
2798–2809

55. Chen, R., Li, M., Zhang, Y., Zhou, Q., and Shu, H.-B. (2012) The E3 
ubiquitin ligase MARCH8 negatively regulates IL-1β-induced NF-κB 
activation by targeting the IL1RAP coreceptor for ubiquitination and 
degradation. Proc. Natl. Acad. Sci. U. S. A. 109, 14128–14133

56. Anders, E. M., Hartley, C. A., and Jackson, D. C. (1990) Bovine and 
mouse serum beta inhibitors of influenza A viruses are mannose-binding 
lectins. Proc. Natl. Acad. Sci. U. S. A. 87, 4485–4489

57. Tessema, M. B., Farrukee, R., Andoniou, C. E., Degli-Esposti, M. A., 
Oates, C. V., Barnes, J. B., et al. (2022) Mouse Mx1 inhibits herpes 
simplex virus type 1 genomic replication and late gene expression 
in vitro and prevents lesion formation in the mouse Zosteriform model. 
J. Virol. 96, e0041922

58. Bedi, S., Noda, T., Kawaoka, Y., and Ono, A. (2018) A defect in influenza 
A virus particle assembly specific to primary human macrophages. mBio 
9, e01916–e01918

59. Livak, K. J., and Schmittgen, T. D. (2001) Analysis of relative gene 
expression data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods. 25, 402–408

MARCHF8 inhibits HSV-1

20 J. Biol. Chem. (2025) 301(9) 110567

http://refhub.elsevier.com/S0021-9258(25)02418-4/sref59
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref59
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref59
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref59
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref60
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref60
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref60
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref60
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref61
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref61
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref61
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref62
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref62
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref62
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref63
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref63
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref64
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref64
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref64
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref65
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref65
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref65
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref29
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref29
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref29
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref29
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref31
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref31
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref31
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref31
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref32
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref32
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref32
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref32
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref33
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref33
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref33
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref33
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref34
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref34
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref34
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref35
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref35
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref35
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref35
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref35
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref36
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref36
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref36
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref37
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref37
http://refhub.elsevier.com/S0021-9258(25)02418-4/sref37

	The E3 ubiquitin ligase MARCHF8 restricts HSV-1 infection by inhibiting replication of the viral genome
	Results
	Inducible expression of MARCHF8 in human epithelial cells inhibits productive HSV-1 replication
	A functional RING-CH domain is essential for MARCHF8-mediated restriction of HSV-1 and of HSV-2
	Structural characteristics of MARCHF8 and MARCHF1 that contribute to their ability to restrict HSV-1
	MARCHF8 does not inhibit HSV-1 entry and translocation to the nucleus but does inhibit HSV-1 genomic replication and late v ...
	Inducible expression of MARCHF8 in PMA-differentiated THP-1 cells inhibits productive HSV-1 replication
	Cellular CD81 is not essential for MARCHF8-mediated restriction of HSV-1 replication in epithelial or monocytic cell lines
	Cellular SAMHD1 is not essential for MARCHF8-mediated restriction of HSV-1 replication
	Assessment of MARCHF8-mediated restriction of HSV-1 replication in the presence or absence of a functional cGAS-STING pathway

	Discussion
	Experimental procedures
	Cell lines
	Virus
	Generation of cell lines with doxycycline-inducible protein expression
	Generation of MARCHF8 and MARCHF1 mutants, as well as chimeric MARCHF1 and MARCHF8
	Flow cytometry for detection of cell-surface proteins or intracellular FLAG expression
	Western blot
	Virus infection assays
	Flow cytometry for detection of HSV-1-infected cells
	siRNA knockdown of endogenous CD81 or MARCHF8
	CRISPR/Cas9 knockout cells deficient in CD81, SAMHD1 or cGAS
	Quantitation of HSV-1 genomic DNA by qPCR
	Detection of endogenous MARCHF1 or 8 mRNA expression by qPCR
	Detection of IFNa and IFNb mRNA by qPCR to confirm functionality of the cGAS/STING pathway
	Statistical analysis and data visualization

	Data availability
	Supporting information
	Author contributions
	Funding and additional information
	References


