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Dendritic cells (DCs) are crucial for the induction of potent antiviral immune responses. In contrast to immature DCs (iDCs), 
mature DCs (mDCs) are not permissive for infection with herpes simplex virus type 1 (HSV-1). Here, we demonstrate that 
HSV-1 infection of iDCs and mDCs induces autophagy, which promotes the degradation of lamin A/C, B1, and B2 in iDCs only. 
This in turn facilitates the nuclear egress of progeny viral capsids and thus the formation of new infectious particles. In 
contrast, lamin protein levels remain stable in HSV-1–infected mDCs due to an inefficient autophagic flux. Elevated protein 
levels of KIF1B and KIF2A in mDCs inhibited lamin degradation, likely by hampering autophagosome–lysosome fusion. 
Therefore, in mDCs, fewer progeny capsids were released from the nuclei into the cytosol, and fewer infectious virions were 
assembled. We hypothesize that inhibition of autophagic lamin degradation in mDCs represents a very powerful cellular 
counterstrike to inhibit the production of progeny virus and thus viral spread.
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Introduction
As professional antigen-presenting cells, dendritic cells (DCs) are 
crucial players in the induction of effective antiviral immune re-
sponses. Immature DCs (iDCs) are present in the vast majority 
of peripheral tissues, where they encounter and take up anti-
gen (Mellman and Steinman, 2001). As a consequence, DCs ma-
ture and migrate along a chemokine gradient toward draining 
lymph nodes to enter paracortical T cell zones to activate and 
prime naive antigen-specific T lymphocytes (Banchereau and 
Steinman, 1998; Palucka and Banchereau, 1999). For major his-
tocompatability complex (MHC) class II presentation, endocy-
tosed antigens are targeted to lysosomes via receptor-mediated 
endocytosis (Geuze, 1998). In lysosomes, antigens are partially 
degraded to generate specific peptides for MHC class II presen-
tation (Watts, 2001). Macroautophagy (henceforth autophagy) is 
an additional route by which cytoplasmic and nuclear antigens 
(e.g., upon viral infection) can be provided to MHC class II mole-
cules (Dengjel et al., 2005; Crotzer and Blum, 2009).

Autophagy is a conserved cellular degradation pathway to 
digest intracellular components such as proteins or whole or-
ganelles (e.g., mitochondria and peroxisomes) via the lysosomal 
machinery (Takeshige et al., 1992). Up-regulation of autophagy, 

mainly due to starvation or related stress, therefore provides a 
source of amino acids from degraded proteins for the synthesis 
of new proteins (Takeshige et al., 1992). Mechanistic target of 
rapamycin (mTOR) is a key regulator of autophagy and plays an 
important role in cell survival (Wu et al., 2009; Yu et al., 2010). 
Phosphorylated and thus activated mTOR inhibits autophagy by 
controlling UNC-51-like kinase 1 (ULK1) ubiquitination (Nazio et 
al., 2013). The activated ULK1/2 kinase complex, including focal 
adhesion kinase family interacting protein of 200 kD (FIP200), 
and subsequent activation of the beclin-1–Vps34–AMB​RA1 com-
plex are necessary to initiate phagophore formation (Bodemann 
et al., 2011). Among others, p62 marks cytoplasmic cargo for 
degradation by autophagy. p62 recognizes polyubiquitinated 
proteins that are too large to be degraded by the proteasome and 
delivers them to the autophagy pathway, where its cargo and p62 
itself become degraded (Bjørkøy et al., 2006). During autopha-
gophore maturation, microtubule-associated protein light chain 
3 (LC3) I is proteolytically cleaved and attached to phosphatidy-
lethanolamine to form LC3-II. This lipidated form is then inserted 
into the autophagosomal membrane. Conversion of LC3B-I to 
LC3B-II indicates the presence of mature autophagosomes and 
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therefore autophagy induction (Kabeya et al., 2000, 2004). Fi-
nally, lysosomes fuse with autophagosomes, and the resulting 
autophagolysosomes are degraded (e.g., by hydrolysis). Interest-
ingly, autophagy is induced not only upon starvation or cellular 
stress but also in fibroblasts and neurons upon infection with 
herpes simplex virus type 1 (HSV-1; McFarlane et al., 2011; re-
viewed in O’Connell and Liang, 2016).

HSV-1 represents the prototype of the α-herpesvirus family 
and is characterized by a fast lytic replication cycle. Common to 
all α-herpesviruses, HSV-1 establishes latency in sensory neu-
rons and ganglia after primary infection (Whitley and Roizman, 
2001; Rechenchoski et al., 2017). Replication of HSV-1 occurs in 
the nucleus, where the DNA is packaged into viral capsids that 
subsequently traverse the inner and outer nuclear membrane to 
leave the nucleus for secondary envelopment in the cytoplasm. 
During this process, the nuclear lamina constitutes a main bar-
rier for the nuclear egress of viral capsids (Mou et al., 2008). The 
nuclear lamina mainly consists of lamin proteins that belong to 
the group of type V intermediate filament proteins. These lamin 
proteins are grouped into type A and B, namely lamin A/C, lamin 
B1, and lamin B2 (Dechat et al., 2010). Therefore, viruses whose 
capsids are assembled in the nucleus have evolved mechanisms 
to disassemble and cross this lamin meshwork for nuclear egress. 
Viral and cellular proteins, in particular protein kinases, which 
induce destabilization of the nuclear lamina, are important to 
mediate nuclear egress of HSV-1. Previous studies revealed that 
in Hep2 cells, HSV-1 induces the phosphorylation of lamin A/C by 
the viral protein kinase US3, leading to a disrupted organization 
of nuclear lamina (Mou et al., 2007). As a similar mechanism was 
shown for nuclear egress of human cytomegalovirus (Milbradt 
et al., 2010), it was hypothesized that this mode of lamina re-
organization is a conserved mechanism for the nuclear egress 
for herpesviruses.

Interestingly, earlier studies revealed that HSV-1–infected 
iDCs released infectious progeny virions into the culture medium 
(Mikloska et al., 2001), while mature DCs (mDCs) produced very 
few progeny virions (Kruse et al., 2000). Since HSV-1 proteins are 
expressed in both iDCs and mDCs upon infection (Goldwich et al., 
2011), we hypothesized that nuclear egress or a subsequent step 
of virus assembly might be hampered in mDCs. In the present 
study, we demonstrate that the autophagic degradation of lamin 
A/C, B1, and B2 facilitates the nuclear egress of newly assembled 
HSV-1 capsids in iDCs. Furthermore, we provide evidence that 
the elevated expression of two kinesin family members, KIF1B 
and KIF2A, contribute to the inefficient autophagy in mDCs, re-
sulting in hampered lamin degradation and thus reduced nuclear 
egress of HSV-1 capsids.

Results
HSV-1 capsids are trapped in the nucleus of mDCs, but not iDCs
Previous studies demonstrated that human iDCs are permissive 
for an HSV-1 infection as infectious progeny virions are released 
into the cell culture supernatant (Mikloska et al., 2001). Note-
worthy, and in sharp contrast to iDCs, mDCs are not permissive 
for an HSV-1 infection, and infectious virus particles are barely 
detectable in the supernatant of infected mDCs (Kruse et al., 

2000; Goldwich et al., 2011). This observation is even more strik-
ing, since viral proteins of all three gene expression phases are 
present in HSV-1–infected mDCs (Goldwich et al., 2011). Thus, 
regarding the generation of infectious progeny virus, there is a 
fundamental difference between iDCs and mDCs.

To further investigate the underlying mechanisms, we an-
alyzed the intracellular capsid localization in HSV-1–infected 
human monocyte–derived iDCs and mDCs. For this purpose, iDCs 
or mDCs were infected with an HSV-1 reporter virus, which ex-
presses the VP26 capsid surface protein with an RFP fusion tag 
(HSV1-RFP​VP26) to investigate the intracellular distribution of 
HSV-1 capsids via fluorescence microscopy (Fig. 1, a–c). While 
∼60% of all capsids were detected in the cytoplasm of HSV-1–
infected iDCs at 24 h postinfection (24 hpi; Fig. 1, a and c), only 
∼10% were localized in the cytoplasm of infected mDCs (Fig. 1, b 
and c), indicating that nuclear capsid egress might have been im-
paired. In addition, HSV-1 WT–infected iDCs and mDCs were an-
alyzed using electron microscopy. In line with our previous data, 
newly formed enveloped capsids were detected in the cytoplasm 
of HSV-1–infected iDCs (Fig. 1 d, black arrowheads), while viral 
capsids were exclusively observed within the nucleus in infected 
mDCs (Fig. 1 e, white arrowhead). According to these data, we 
hypothesize that in contrast to iDCs, HSV-1 capsids are not able 
to efficiently pass the nuclear lamina in mDCs.

Nuclear lamin proteins are degraded in HSV-1–infected iDCs, 
but not in mDCs
The nuclear lamina represents the main barrier for the nuclear 
egress of DNA-filled HSV-1 capsids (Mou et al., 2008). Hence, dis-
ruption of the nuclear lamina promotes access of viral capsids to 
the inner nuclear membrane and subsequently egress into the 
cytoplasm (Leach and Roller, 2010).

To investigate whether HSV-1 differentially regulates lamin 
turnover in iDCs and mDCs, both cell types were analyzed upon 
HSV-1 infection for 24  h by immunoblotting (Fig.  2  a). While 
lamin A/C was prominently expressed in HSV-1–infected mDCs 
compared with their uninfected counterparts, it was almost ab-
sent in HSV-1–infected iDCs at late stages of infection (i.e., 24 
hpi; Fig. 2 a, second panel). HSV-1 infection is known to induce a 
phosphorylation of lamin A/C in fibroblastic or epithelial cells, 
which loosens the lamin network and facilitates the egress of 
viral capsids from the nucleus (Leach and Roller, 2010). However, 
and in sharp contrast to high levels of lamin A/C phosphorylation 
in HSV-1–infected human foreskin fibroblasts (HFFs), lamin A/C 
was not phosphorylated in iDCs or mDCs during the course of 
infection (Figs. 2 a and S2).

Moreover, the protein levels of lamin B1 and lamin B2 were 
also dramatically reduced in infected iDCs but were not affected 
in infected mDCs (Fig. 2 a, third and fourth panels, respectively). 
To analyze whether this phenotype was a general response to 
an HSV-1 infection, we tested three clinical HSV-1 isolates from 
different patients (Fig. 2 b, K4, K7, and K8). Confirming our data 
using the “WT” strain, reduced levels of lamin A/C, lamin B1, and 
lamin B2 were observed in iDCs, but not in mDCs, upon infection 
with either of these HSV-1 isolates. These data support the hy-
pothesis that the nuclear lamin proteins might prevent nuclear 
egress of HSV-1 capsids in mDCs and could therefore explain the 
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lack of newly produced virions in the supernatant of HSV-1– 
infected mDCs (Kruse et al., 2000; Mikloska et al., 2001).

HSV-1 infection induces autophagy in both iDCs and mDCs
Previous studies reported that lamin B1 is degraded via autoph-
agy in primary human fetal lung fibroblasts upon senescence 

induced by an oncogenic RAS protein (Dou et al., 2015). There-
fore, iDCs and mDCs were infected with HSV-1 or UV-inactivated 
HSV-1 or mock treated and analyzed for LC3B-I and LC3B-II ex-
pression levels to monitor autophagy (Kabeya et al., 2000, 2004) 
using immunoblotting at early (8 hpi) and late (16 hpi) infection 
phases (Fig. 3, a and b).

Figure 1. Viral capsids are retained in the nucleus of mDCs, but not iDCs. (a and b) iDCs (a) and mDCs (b) were mock- or HSV1-RFP​VP26–infected and 
cultured on poly-L-lysine–coated coverslips for 24 h. Nuclei were stained using DAPI (blue). Scale bars, 10 µm. (c) Quantification of intranuclear and cytoplasmic 
capsids in iDCs (black bar, n = 15) versus mDCs (gray bar, n = 5) based on RFP​VP26 signals. Values are shown as ratios of integral intensities of cytoplasmic 
(“outside”) versus total capsid signals. Error bars indicate SD. Significant changes were analyzed using the Mann–Whitney U test and are indicated by asterisks 
(***, P < 0.001). (d and e) Transmission electron microscopy images of mock- or HSV-1 WT–infected iDCs (d) and mDCs (e). Original magnification 15,000. Scale 
bars, 1 µm. Black arrows, nuclear membrane; white arrowheads, capsids; black arrowheads, enveloped capsids. C, cytoplasm; N, nucleus.

Figure 2. Nuclear lamin protein levels are down-regulated in HSV-1–infected iDCs, but not mDCs. (a) HFF, iDCs, and mDCs (2 × 106) were mock- or 
HSV1-RFP​VP26–infected (MOI of 2) and harvested 24 hpi. Cells were directly lysed and subjected to immunoblot analyses using specific antibodies raised 
against phospho-lamin A/C (pLamin A/C), lamin A/C, lamin B1, lamin B2, or ICP0. GAP​DH was used to verify equal loading. (b) iDCs and mDCs were mock- or 
HSV-1–infected or infected with HSV-1 clinical isolates (K4, K7, and K8) and harvested 24 hpi. Samples were analyzed for protein expression of lamin A/C, 
lamin B1, lamin B2, and ICP0. GAP​DH was used as a loading control. Experiments were performed at least three times with cells from different healthy donors 
and representative data are shown.
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Early during infection (i.e., at 8 hpi), lamin degradation was 
absent, while LC3B-II levels were already increased, indicating 
an induction of autophagy in both iDCs and mDCs (Fig. 3, a and 
b, respectively). In contrast, later, at 16 hpi, lamin, LC3B-I, and 
LCB-II protein levels were severely reduced in HSV-1–infected 

iDCs (Fig. 3 a). The decrease in LC3B levels at later time points 
might indicate autophagic flux, as autophagolysosomes are ul-
timately degraded (Mizushima and Yoshimori, 2007). Interest-
ingly, and in sharp contrast to HSV-1–infected iDCs, lamin and 
LC3B-II levels remained stably high in HSV-1–infected mDCs 

Figure 3. Induction of autophagy leads to an accelerated down-regulation of nuclear lamin protein levels in HSV-1–infected iDCs but not mDCs. 
(a and b) iDCs (a) and mDCs (b) were mock-, HSV-1–, or HSV-1 UV–infected and harvested 8 or 16 hpi. Samples were analyzed using immunoblotting for 
detection of lamin A/C, lamin B1, lamin B2, LC3B, or ICP0 levels. GAP​DH was used as internal loading control. (c and d) iDCs (c) and mDCs (d) were mock- or 
HSV-1–infected and treated with different compounds known to induce autophagy (MG-132; BZ, bortezomib; RM, rapamycin) or DMSO as negative control. 
Cells were harvested 8 hpi, directly lysed, and subjected to immunoblot analyses using specific antibodies against lamin A/C, lamin B1, lamin B2, p62, LC3B, 
or ICP0. GAP​DH was used to verify equal loading. (e and f) iDCs (e) and mDCs (f) were mock-, HSV-1 WT–, HSV-1 Δvhs–, HSV-1 ΔICP34.5–, HSV-1 ΔICP34.5-
BBD–, or HSV-1 ΔICP34.5-BBD/R–infected and harvested 16 hpi. Expression levels of lamin A/C, lamin B1, lamin B2, LC3B, or ICP0/ICP4 were analyzed using 
immunoblot analyses. GAP​DH was used as internal loading control. Experiments were performed at least three times with cells from different healthy donors.
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until 16 hpi (Fig. 3 b). Furthermore, UV-inactivated HSV-1 did 
neither affect lamin expression levels nor LC3B-II signals in iDCs 
and mDCs, compared with the respective mock controls at 8 and 
16 hpi (Fig. 3, a and b). These data indicate that the initiation of 
HSV-1 gene expression is necessary for autophagy induction.

To investigate whether lamin degradation occurred via auto-
phagy, we infected iDCs and mDCs with HSV-1 for 8 h, when the 
lamin levels still remained unaltered upon infection, and fur-
thermore treated these cells with different compounds known 
to induce autophagy. In particular, autophagy is activated by the 
proteasomal inhibitors MG-132 and bortezomib due to amino 
acid starvation (Klionsky and Emr, 2000) or rapamycin via its 
inhibition of mTOR phosphorylation. Accordingly, there was an 
increase in lamin A/C, lamin B1, and lamin B2 degradation in 
HSV-1–infected iDCs in the presence of these inducers of auto-
phagy (Fig. 3 c), while the protein levels were unaffected in mDCs 
(Fig. 3 d). Notably, while the p62 protein levels were reduced in 
iDCs, p62 was barely affected in HSV-1–infected mDCs, suggest-
ing inefficient autophagic degradation in mDCs.

To analyze the role of HSV-1 vhs, a viral encoded mRNA- 
specific RNase that immediately triggers a shutoff of cellular 
protein synthesis (Smiley, 2004), and HSV-1 ICP34.5, which can 
inhibit autophagy (Orvedahl et al., 2007), iDCs (Fig. 3 e) or mDCs 
(Fig. 3 f) were infected with the indicated HSV-1 strains for 16 h. 
The protein levels of lamin A/C, lamin B1, lamin B2 and LC3B-II 
were significantly reduced in iDCs infected with HSV-1 WT, Δvhs, 
ΔICP34.5, or ΔICP34.5-BBD (beclin-binding domain) as well as 
the rescue virus ΔICP34.5-BBD/R. In contrast, lamin protein 
levels and LC3 lipidation remained stable in mDCs upon infec-
tion with any HSV-1 strain or mutant. These results suggest that 
the differential regulation of lamin protein levels in iDCs versus 
mDCs did not depend on vhs or ICP34.5. Moreover, the lamin 
A/C protein levels were not simply reduced by transcriptional 
silencing, which was observed in HSV-1–infected iDCs or mDCs 
(Fig. S3). In particular, the protein levels of lamin A/C were also 
reduced upon infection with HSV-1 Δvhs in iDCs, but not mDCs, 
although their mRNA levels had not been changed in comparison 
to mock-treated cells.

Nuclear lamin proteins are cargos of autophagosomes
To determine whether lamins were degraded via autophagy in 
iDCs, we analyzed their subcellular localization during an HSV-1 
infection. Therefore, iDCs and mDCs were mock- or HSV-1–
infected in the presence or absence of bafilomycin A1 (BA-1), 
which inhibits the V-ATPase–dependent acidification of the en-
docytic pathway and autophagosome–lysosome fusion (Mauvezin 
and Neufeld, 2015). After 16 h of infection, the cells were fixed, 
labeled for LC3A/B, lamin A/C, and the HSV-1 major capsid protein 
VP5 (Fig. 4, a and b), and analyzed by fluorescence microscopy. 
Upon HSV-1 infection, lamin A/C protein levels were reduced to 
∼30% of uninfected iDCs (Fig. 4 a). Interestingly, BA-1 treatment 
prevented the HSV-1–mediated loss of lamin A/C in iDCs and in-
stead resulted in an ∼2.5-fold accumulation of LC3A/B (Fig. 4 c). 
In contrast, lamin levels were not altered in HSV-1–infected mDCs 
(Fig.  4  b), but the levels of LC3A/B increased significantly (by 
two- to fourfold) upon HSV-1 infection or BA-1 treatment when 
compared with uninfected, untreated cells (Fig. 4 c). Remarkably, 

lamin A/C (Fig. 4, a and b, arrowheads), lamin B1 (Fig. S3, a and b), 
and lamin B2 (Fig. S3, c and d) were no longer exclusively targeted 
to the nuclear envelope in iDCs and mDCs but also to autophago-
somal organelles containing LC3A/B. These data strongly suggest 
that the lamins had been targeted to autophagosomes upon HSV-1 
infection in iDCs as well as in mDCs.

In a next step, immunoprecipitation for LC3B was performed 
to analyze whether lamin proteins are cargos of autophagosomes. 
Thus, iDCs or mDCs were mock-treated or infected with HSV-1 in 
the presence of BA-1 to prevent autophagosomal and lysosomal 
degradation. Cells were harvested 16 hpi and subjected to immu-
noblotting of total extracts as well as LC3B immunoprecipitation. 
As a positive control for efficient precipitation, LC3B and p62 
protein levels were monitored using immunoblotting (Fig. 4 d, 
first and fifth panels). Since the lysosomal marker LAMP2 is not 
expected to be present in autophagosomes upon BA-1 treatment, 
it was therefore used as a negative control (Fig. 4 d, sixth panel). 
Indeed, LAMP2 was not detected in the LC3B-specific immuno-
precipitates, while LC3B and also p62 had been both precipitated 
(Fig. 4 d). Interestingly, lamin A/C, lamin B1, and lamin B2 were 
detected in the LC3B precipitates of HSV-1– and mock-infected 
iDCs and mDC (Fig. 4 d, second, third, and fourth panels, respec-
tively). ICP0 was used as an indicator for HSV-1 infection, and 
GAP​DH was used as an internal loading control (Fig. 4 d, seventh 
and eighth panels, respectively). Furthermore, a quantitative 
mass spectrometry–based label-free analysis confirmed that the 
lamin proteins had been coprecipitated with LC3B at basal levels 
and that an infection of iDCs as well as mDCs with HSV-1 even 
increased the ratio of lamin to p62 at 16 hpi (Fig. 4 e and Table S2).

Degradation of the nuclear lamina via autophagy facilitates 
HSV-1 nuclear egress
Next, we asked whether HSV-1–induced degradation of lamins 
could be prevented by inhibiting autophagosomal degradation. 
Hence, iDCs and mDCs were mock-treated or HSV-1–infected in 
the presence or absence of BA-1, harvested at 16 hpi, and sub-
jected to immunoblot analyses (Fig. 5 a). Protein levels of lamin 
A/C, lamin B1, and lamin B2 were clearly reduced in HSV-1– 
infected iDCs compared with the mock control, while treatment 
with BA-1 prevented their reduction (Fig. 5 a, first, second, and 
third panels). As expected, the lamin protein levels remained sta-
ble in HSV-1–infected mDCs. These observations were confirmed 
using a different autophagy inhibitor (i.e., spautin-1; see Fig. S5). 
Notably, while untreated HSV-1–infected iDCs showed reduced 
LC3B levels due to autophagic flux, HSV-1–infected mDCs showed 
an accumulation of LC3B-II.

In a following step, we investigated the subcellular capsid 
distribution in respect to autophagosomal degradation. There-
fore, iDCs and mDCs were infected with HSV1-RFP​VP26 for 16 h 
in the presence or absence of the autophagy inhibitors BA-1 or 
spautin-1 and analyzed by fluorescence microscopy. At this time 
point, the HSV-1 capsids were localized in a 40:60% ratio in both 
the nucleoplasm and the cytoplasm of control iDCs, but the nu-
clear fraction increased to 90% upon treatment with spautin-1 
or BA-1 (Fig. 5, b and c). These results suggest that the degree of 
autophagosomal lamin degradation correlated with the efficacy 
of nuclear egress of HSV-1 capsids.
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Figure 4. Nuclear lamins colocalize with autophagosomes in iDCs and mDCs. (a and b) iDCs (a) and mDCs (b) were mock- or HSV-1–infected and treated 
with or without BA-1. After 24 h of incubation, cells were analyzed via immunofluorescence microscopy for expression of LC3A/B (green), lamin A/C (red), and 
VP5 (orange). Nuclei were stained using DAPI (blue). Scale bars, 10 µm. Arrowheads display colocalization of LC3A/B and lamin A/C. Lamin A/C immunofluores-
cence signals were quantified as mean intensities. Values are shown relative to mock signal (i.e., without BA-1; iDC mock, n = 47; iDC HSV-1, n = 25; iDC mock 
+ BA1, n = 7; iDC HSV-1+BA1, n = 7; mDC mock, n = 17; mDC HSV-1, n = 27; mDC mock + BA1, n = 7; mDC HSV-1 + BA1, n = 6). (c) Mean signal intensities of 
LC3A/B (a and b; and Fig. S4) were quantified in iDCs (top, black bars) and mDCs (bottom, gray bars). Values are shown relative to mock signal of the respective 
experiment (iDC mock, n = 28; iDC HSV-1, n = 19; iDC mock + BA1, n = 30; iDC HSV-1 + BA1, n = 42; mDC mock, n = 20; mDC HSV-1, n = 34; mDC mock + BA1, 
n = 25; mDC HSV-1 + BA1, n = 24). Error bars indicate SD. Significant changes were analyzed using a one-way ANO​VA and Bonferroni multiple comparison post 
hoc tests and are indicated by asterisks (*, P < 0.05; ***, P < 0.001; ****, P < 0.0001). (d and e) iDCs and mDCs (8 × 106) were mock- or HSV-1–infected and 
treated with BA-1. Cells were lysed 16 hpi and used for LC3B-immunoprecipitation. Samples were analyzed using immunoblot for expression of LC3B, lamin A/C, 
lamin B1, lamin B2, p62, LAMP2, ICP0, or GAP​DH (d) and mass spectrometry–based proteomic label-free comparison of lamin A/C, lamin B1, and lamin B2 (e).  
Experiments were performed three times with cells from different healthy donors.
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Figure 5. Inhibition of autophagy-mediated lamin degradation prevents nuclear egress of newly built capsids. (a–d) iDCs or mDCs were mock- or 
HSV-1–infected and treated with BA-1 1 h before infection. Cells were harvested 16 hpi, and samples were subjected to immunoblot analyses using antibodies 
specific for lamin A/C, lamin B1, lamin B2, LC3B, and ICP0 (a). GAP​DH was used as a loading control. iDCs and mDCs were mock or HSV1-RFP​VP26 infected and 
treated with spautin-1, BA-1, or DMSO as negative control (b and c). Cells were analyzed using confocal microscopy (b). Nuclei were stained using DAPI (blue). 
Scale bars, 10 µm. Quantification of intranuclear and cytoplasmic capsids based on RFP​VP26 signals (c). Values are shown as ratios of cytoplasmic (“outside”) 
versus total capsid signals based on integral intensities (iDC, n = 15, iDC spautin-1, n = 13; iDC BA-1, n = 8). Error bars indicate SD. Significant changes were 
analyzed using the Mann–Whitney U test. Viral titers of the supernatants of iDCs (black bars) and mDCs (gray bar) were determined using a plaque assay (d). 
(e–h) IDCs (6 × 106) were electroporated with control or FIP200 siRNA. After 48 h, DCs were used for infection experiments. Cells were subjected to immunoblot 
analyses of FIP200 and GAP​DH as loading control (e). DCs were mock- or HSV-1–infected and analyzed for protein levels of lamin A/C, lamin B1, lamin B2, and 
p62 using immunoblotting 20 hpi (f). VP5 was used as infection control and GAP​DH to verify equal loading. DCs were mock- or HSV1-RFP​VP26–infected and 
analyzed using confocal microscopy at 20 hpi (g and h). Nuclei were stained using DAPI (blue). Scale bars, 10 µm. Quantification of intranuclear and cytoplasmic 
capsids based on RFP​VP26 signals (h). Values are shown as ratios of cytoplasmic (“outside”) versus total capsid signals based on integral intensities (control,  
n = 8; FIP200, n = 16). Error bars indicate SD. Significant changes were analyzed using the Mann–Whitney U test. Significant changes are indicated by asterisks 
(*, P < 0.05; **, P < 0.01; ***, P < 0.001). Experiments were performed three times with cells from different healthy donors.
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We also determined the amount of infectious virus released 
from HSV-1–infected DCs treated with or without autophagy in-
hibitors within 16 h (Fig. 5 d). Supernatants of uninfected iDCs 
were used as negative control. HSV-1–infected iDCs released ap-
proximately eightfold more progeny viruses into the supernatant 
when compared with HSV-1–infected mDCs, consistent with ear-
lier reports (Kruse et al., 2000; Mikloska et al., 2001). Moreover, 
HSV-1–infected iDCs treated with autophagy inhibitors released 
significantly less progeny virus into the cell culture supernatants 
when compared with the DMSO-treated control (Fig. 5 d). These 
results show that inhibiting autophagy, and therefore prevent-
ing lamin degradation, led to reduced viral titers in the super-
natant of iDCs and thus hampered the generation of infectious 
viral particles.

We furthermore blocked autophagy by siRNA-mediated si-
lencing of FIP200 expression, which is required for the initiation 
of autophagy (Nazio et al., 2013). Thus, iDCs were electroporated 
and successful knockdown was verified via immunoblot analysis 
after 48  h (Fig.  5  e). Afterwards, cells were mock-treated or 
HSV-1–infected, and protein levels of lamins and p62 were eval-
uated at 20 hpi (Fig. 5 f). Protein levels of p62 were enriched in 
FIP200-silenced cells when compared with control iDCs, which 
indicates an inhibition of autophagic flux. Consistent with our 
previous data, lamin A/C, B1, B2, and p62 levels were signifi-
cantly reduced in HSV-1–infected iDCs treated with a scramble 
siRNA when compared with the mock control. Notably, specific 
inhibition of autophagy by silencing FIP200 expression strongly 
hampered the degradation of lamins upon infection. Finally, 
using fluorescence microscopy, the subcellular capsid distribu-
tion was analyzed in control versus FIP200-silenced iDCs after 
infection with HSV1-RFP​VP26 for 20 h (Fig. 5, g and h). While 
∼30% of HSV1-RFP​VP26 capsids were localized in the cytoplasm 
in control iDCs, only 10% of cytoplasmic capsids were found upon 
FIP200 silencing.

Taken together, our data suggest that lamin was degraded in 
iDCs upon HSV-1 infection by autophagy and that this weaken-
ing of the lamin barrier at the inner nuclear envelope facilitated 
nuclear egress of HSV-1 capsids.

Infection of mDCs with HSV-1 leads to 
autophagosome accumulation
Since our results indicated that the autophagic flux might be 
hampered in mDCs, we investigated whether autophagosomes 
and lysosomes were able to fuse and to induce degradation of 
autophagolysosomes. Therefore, iDCs and mDCs were mock- or 
HSV-1–infected, and immunofluorescence analyses were per-
formed at 8 hpi. DCs were labeled with anti-LC3B, a marker for 
autophagosomes, and anti-LAMP1, a specific lysosomal protein. 
HSV-1– and mock-infected iDCs showed comparable LC3B and 
LAMP1 signal intensities (Fig.  6  a). Remarkably, LC3B levels 
were considerably higher in mDCs and concentrated in certain 
cytoplasmic regions upon HSV-1 infection (Fig. 6 b, arrowheads). 
LAMP1 expression levels were comparable between iDCs and 
mDCs (Fig. 6, a and b). These results indicate that LC3B accumu-
lates in HSV-infected mDCs when compared with infected iDCs. 
Thus, these data suggest that the fusion of autophagosomes with 
lysosomes might be hampered in mDCs.

In this context, the kinesin family members KIF1B and KIF2A 
represent interesting factors contributing to autophagosome– 
lysosome fusion. KIF1B and KIF2A were described to induce 
mTOR activity, which in turn inhibits autophagy (Poüs and 
Codogno, 2011). Furthermore, the presence of KIF1B, KIF2A, and 
Arf-like GTPase (ARL)8 A/B leads to a peripheral localization of 
lysosomes (Hofmann and Munro, 2006; Poüs and Codogno, 2011), 
thus inhibiting autophagosome–lysosome fusion (Korolchuk and 
Rubinsztein, 2011). Interestingly, immunoblots showed that the 
protein levels of phosphorylated mTOR (p-mTOR; Fig. 6 c, first 
panel), KIF1B (Fig. 6 c, third panel), KIF2A (Fig. 6 c, fourth panel), 
and ARL8 A/B (Fig. 6 c, fifth panel) were elevated in mDCs when 
compared with iDCs (Fig. 6 c, third and fourth panels, respec-
tively). These data are consistent with earlier reports indicating 
that elevated levels of KIF1B, KIF2A, and ARL8 A/B are associ-
ated with an increased phosphorylation of mTOR (Santama et 
al., 1998; Hofmann and Munro, 2006; Poüs and Codogno, 2011).

Next, we analyzed the expression of these proteins during 
an HSV-1 infection (Fig. 6 d). In mock-infected iDCs, KIF1B and 
KIF2A were only slightly expressed and further decreased upon 
HSV-1 infection (Fig. 6 d, third and fourth panels, respectively). 
Interestingly, this was accompanied by a decrease of p-mTOR 
levels during an HSV-1 infection of iDCs (Fig. 6 d, first panel). 
In contrast, the weak expression of ARL8 A/B remained unal-
tered in mock- and HSV-1–infected iDCs (Fig. 6 d, fifth panel). 
mDCs expressed overall higher levels of KIF1B, KIF2A, and ARL8 
A/B compared with their immature counterparts (Fig. 6 d, third, 
fourth, and fifth panels, respectively). Similarly to iDCs, a cor-
relation between KIF1B, KIF2A, as well as ARL8 A/B, expression 
levels, and phosphorylated mTOR could be observed in infected 
mDCs. In contrast to a reduction of p-mTOR in HSV-1–infected 
iDCs, significant phosphorylation levels of mTOR remained sta-
ble upon HSV-1 infection of mDCs accompanied by stable expres-
sion of KIF1B, KIF2A, and ARL8 A/B (Fig. 6 d, first, third, fourth, 
and fifth panels). Taken together, these data indicate that high 
protein levels of KIF1B, KIF2A, and ARL8 A/B lead to an activa-
tion of mTOR via its phosphorylation and thus to an inhibition 
of autophagy in mDCs.

Kinesin family members KIF1B and KIF2A are responsible for 
inhibition of autophagic degradation of lamins in mDCs
Having demonstrated the elevated protein expression of KIF1B and 
KIF2A in mDCs, we next examined whether this was responsible 
for the inefficient autophagic flux and therefore for the failure of 
lamin degradation upon HSV-1 infection. To investigate this, iDCs 
were electroporated with siRNAs targeting KIF1B and/or KIF2A 
followed by the maturation of the cells. Successful silencing of 
KIF1B and/or KIF2A was monitored at 2 d after electroporation 
(Fig. 7 a). Subsequently, cells were mock- or HSV-1–infected and 
subjected to immunoblot analyses to monitor lamin protein lev-
els at 24 hpi (Fig. 7 b). Supporting our hypothesis, lamin degrada-
tion was observed in HSV-1–infected mDCs, when the expression 
of KIF2A, KIF1B, or both had been ablated (Fig. 7 b, first, second, 
and third panels). Knockdown of KIF1B alone or the combined 
knockdown of KIF1B/KIF2A enhanced the reduction of lamin and 
p62 expression in HSV-1–infected mDCs, when compared with 
KIF2A-silenced mDCs (Fig.  7  b, first and fourth panels). These 
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results clearly indicate that KIF1B and KIF2A both contribute to 
the inhibition of HSV-1–induced lamin degradation in mDCs, and 
that silencing the expression of at least one kinesin was sufficient 
to promote autophagic degradation of lamins.

Finally, a plaque assay was performed to determine the HSV-1 
titers in the supernatants of HSV-1–infected mDCs that were 
pretreated with the respective siRNAs. HSV-1–infected mDCs 
treated with KIF1B, KIF2A or both siRNAs released more infec-
tious HSV-1 particles into the supernatants than mDCs treated 
with scrambled siRNA (Fig. 7 c). Taken together these data in-
dicate that siRNA-mediated knockdown of KIF1B and/or KIF2A 
leads to an enhanced lamin degradation in HSV-1–infected mDCs 
and subsequently to increased viral loads in the respective cell 
culture supernatants.

Combining our data, we conclude that autophagy-mediated 
lamin degradation facilitates nuclear egress of HSV-1 capsids and 
thus the release of progeny virus into the cell culture supernatant.

Discussion
As potent antigen-presenting cells, DCs play an important role 
in limiting the propagation of pathogens by the induction of 
potent (e.g., antiviral) immune responses (Banchereau and 

Steinman, 1998). In this regard, HSV-1 evolved a plethora of 
immune evasion strategies to overcome the host’s immune sys-
tem and to establish successful replication (Pollara et al., 2004; 
Cunningham et al., 2010). In the present study, we report that 
the HSV-1 infection of iDCs resulted in autophagic degradation 
of the nuclear lamina proteins lamin A/C, B1, and B2, facilitating 
nuclear egress of newly formed viral capsids. In contrast, HSV-1 
replication was significantly impaired in mDCs, and we proved 
that elevated KIF1B and KIF2A levels in mDCs were responsible 
for the inhibition of autophagy and thus for impaired nuclear 
egress of HSV-1 capsids. These observations provide an expla-
nation why HSV-1–infected mDCs mainly release noninfectious 
L-particles, since L-particles lack the viral capsid and DNA and 
are therefore not infectious (McLauchlan and Rixon, 1992). Nev-
ertheless, they are also able to interfere with DC biology, such 
as via the down-modulation of the CD83 molecule on the sur-
face of mDCs and thus inhibition of antiviral immune responses 
(Heilingloh et al., 2015).

In the present study, we show that in HSV-1–infected iDCs, 
nuclear lamins were degraded by autophagy to facilitate nu-
clear egress of newly assembled capsids. Given previous inves-
tigations of the nuclear lamina by Moir et al., this finding was 
rather unexpected. Using light microscopy, the authors showed 

Figure 6. Up-regulation of KIF1B and KIF2A during DC maturation inhibits fusion of autophagosomes with lysosomes in mDCs. (a and b) iDCs (a) or 
mDCs (b) were mock- or HSV-1–infected. Cells were subjected to confocal immunofluorescence microscopy at 8 hpi. DCs were labeled with antibodies specific 
for LC3B (green) and LAMP1 (red). Nuclei were stained with DAPI (blue). Arrowheads mark autophagosome accumulations. Scale bars, 10 µm. (c) iDCs and 
mDCs (3 × 106) were subjected to immunoblot analyses. Protein levels of phospho-mTOR, mTOR, KIF1B, KIF2A, and ARL8 A/B were investigated. GAP​DH was 
used as internal loading control. The experiment was performed at least four times with cells from different healthy donors. (d) iDCs and mDCs (3 × 106) were 
mock- or HSV-1–infected and analyzed using immunoblot at 16 hpi. Levels of phospho-mTOR, mTOR, KIF1B, KIF2A, and ARL8 A/B were detected with the 
respective antibodies. Infection of DCs was confirmed using ICP0. GAP​DH was used to verify equal loading. Experiments were performed at least three times 
with cells from different healthy donors.
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discontinuities in the lamina of proliferating epidermal cells, 
which might be large enough to allow capsids access to the inner 
nuclear membrane (Moir et al., 2000). Moreover, a disruption 
of nuclear lamins is not essential for nuclear egress of HSV-1 
capsids in Vero cells (Vu et al., 2016). Apart from this, phosphor-
ylation of lamin A/C as well as lamin B is crucial to disorganize 
the nuclear lamina and to facilitate the egress of HSV-1 capsids 
through the nuclear membrane in several cell types (Park and 
Baines, 2006; Wu et al., 2016). As a similar mechanism contrib-
utes to nuclear egress of progeny viral capsids of the human cy-
tomegalovirus, it might be conserved throughout the herpesvirus 
family and for all cell types (Marschall et al., 2005; Milbradt et al., 
2009, 2010). However, our data show that lamin A/C phosphor-
ylation was absent in iDCs and mDCs, in contrast to HFFs (Figs. 2 
and S2), and other mechanisms, including autophagy, might be 
important for the egress of progeny viral capsids in this nonpro-
liferating cell type.

However, only little is known about the degradation of nuclear 
proteins via autophagy. Dou et al. demonstrated that the nuclear 
lamina protein lamin B1 is degraded in an autophagy-dependent 
manner in primary human fetal lung fibroblasts upon oncogenic 
insult (Dou et al., 2015). In particular, LC3 can directly interact 
with lamin B1, but not with lamin A/C or lamin B2, exclusively 
in the nucleoplasm, and the export of lamin B1 from the nucleus 
to the cytoplasm results in its lysosomal degradation. In contrast, 
HSV-1 infection of iDCs does not only lead to the autophagic deg-
radation of lamin B1, but also of lamin A/C and lamin B2 (Figs. 
3 and 4). HSV-1 inhibits autophagy in fibroblasts and primary 

neurons (Tallóczy et al., 2002) via the viral late phase proteins 
ICP34.5 and Us11 (Orvedahl et al., 2007; Lussignol et al., 2013). 
However, our data clearly indicate that in monocyte-derived 
DCs ICP34.5 does not prevent autophagy initiation, as it does 
also not in bone marrow–derived DCs (Gobeil and Leib, 2012). 
Moreover, ICP34.5 is not involved in the differential regulation 
of lamin degradation by autophagy in iDCs versus mDCs, since 
infection with an ICP34.5-deletion mutant mirrored the findings 
using HSV-1 WT (Fig. 3, e and f). Furthermore, HSV-1 induces a 
specific type of autophagy, namely nuclear envelope-derived au-
tophagy (NEDA) in several cell types (Radtke et al., 2013). NEDA 
uses, in contrast to macroautophagy, the nuclear envelope as a 
source for the wrapping membranes to enclose the substrates to 
be degraded by autophagy. Since NEDA is differentially regulated 
compared with macroautophagy, the authors hypothesized that 
NEDA is a cellular stress response, which is triggered late during 
HSV-1 infection when the classical macroautophagy has already 
been inhibited (Radtke et al., 2013).

Autophagy is important for the maintenance of cellular ho-
meostasis as well as during episodes of cellular stress (Crotzer 
and Blum, 2009). Furthermore, autophagy is particularly im-
portant when fighting against bacterial as well as viral infec-
tions (Deretic et al., 2013). Thus, the induction of autophagy upon 
HSV-1 infection is most likely a response of the infected cell to 
combat this infection. HSV-1 in turn utilizes autophagy to facil-
itate the nuclear egress of progeny capsids and therefore viral 
maturation and spread. In addition, autophagy is identified as a 
major route for antigen processing and loading onto MHC class 

Figure 7. RNAi-mediated silencing of KIF1B and KIF2A facilitates lamin degradation and nuclear egress of progeny HSV-1 capsids. IDCs (3 × 106) were 
electroporated with control siRNA, KIF1B siRNA, KIF2A siRNA or both, KIF1B and KIF2A siRNA. Afterward, maturation was induced via addition of the cytokine 
cocktail. After 48 h, matured DCs were used for further experiments. (a) Cells were subjected to immunoblot analyses of KIF1B and KIF2A protein levels. GAP​DH 
was used as loading control. (b) DCs were mock- or HSV-1–infected and analyzed for lamin A/C, lamin B1, lamin B2, and p62 levels using immunoblotting  
20 hpi. VP5 was used as infection control and GAP​DH to verify equal loading. (c) Viral titers of the supernatants were determined using a plaque assay. Error 
bars indicate SD. Significant changes are indicated by asterisks (*, P < 0.05; **, P < 0.01). The experiment was performed four times with cells from different 
healthy donors.
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I and II complexes for antigen presentation to CD8- and CD4- 
positive T cells (Zhou et al., 2005; Schmid et al., 2007; Budida 
et al., 2017). Therefore, the high autophagic activity of iDCs is 
necessary to facilitate effective antigen presentation. However, 
upon DC maturation, autophagy is no longer as essential and 
could consequently be down-regulated.

Our data show that autophagy induction as well as autopha-
gosome maturation occurs in mDCs but, due to the elevated pro-
tein levels of KIF1B and KIF2A, autophagosome–lysosome fusion 
is impaired. Earlier studies demonstrated that a protein complex 
consisting of KIF1B, KIF2A, and ARL8 A/B leads to a peripheral 
localization of lysosomes and therefore reduces the likelihood 
of autophagosomes meeting lysosomes (Santama et al., 1998; 
Hofmann and Munro, 2006; Poüs and Codogno, 2011). The sub-
cellular localization of lysosomes and autophagosomes is there-
fore a key determinant of the rate of autophagosome–lysosome 
fusion. While depletion of KIF1B and KIF2A increases autophago-
some–lysosome fusion, overexpression of these kinesins results 
in peripheral localization of lysosomes and thereby reduces auto-
phagosome–lysosome fusion (Korolchuk and Rubinsztein, 2011). 
Nevertheless, the peripheral localization might not be the only 
mechanism to inhibit autophagy in mDCs. The elevated levels of 
these proteins in mDCs induce mTOR phosphorylation, which 
in turn also inhibits the autophagic pathway. Furthermore, the 
autophagy pathway is enhanced through inhibition of mTOR by 
knockdown of KIF1B and KIF2A or both.

In conclusion, our data show that the nuclear egress of HSV-1 
capsids in iDCs is dependent on autophagic degradation of nu-
clear lamins and that HSV-1 depends on autophagy for efficient 
virus assembly in iDCs. In contrast, an up-regulation of KIF1B and 
KIF2A protein expression suppresses autophagy in mDCs and im-
pairs the nuclear egress of newly assembled viral capsids. This 
cellular mechanism represents a novel powerful counterstrike to 
inhibit viral spread in the host cells and the host organism.

Materials and methods
Generation of DCs
Monocyte-derived DCs were generated from peripheral blood 
mononuclear cells from different healthy donors as described 
earlier (Heilingloh et al., 2014). In brief, peripheral blood 
mononuclear cells were isolated using a Lymphoprep gradient 
(Nycomed Pharma AS), and subsequently, monocytes were sep-
arated using plastic adherence. Monocytes were differentiated 
to iDCs by the addition of 800 U/ml granulocyte-macrophage 
colony-stimulating factor (GM-CSF; Milteny) and 250 U/ml IL-4 
(Milteny). On day 5, iDCs were used for further experiments or 
subsequently matured by adding 10 ng/ml TNF-α (Beromun),  
1 µg/ml prostin E2 (PGE2; Pfizer), 200 U/ml IL-1β (CellGenix),  
40 U/ml GM-CSF, 1,000 U/ml IL-6 (CellGenix), and 250 U/ml IL-4 
to the medium. The phenotypic maturation status was verified 
using flow cytometry.

Approvals and legal requirements
For the generation of monocyte-derived DCs from leukapheresis 
products of healthy donors, a positive vote from the local eth-
ics committee has been obtained (reference number 4556). The 

present study was performed in accordance with the Declaration 
of Helsinki and recommendations of the ethics committee of the 
Friedrich-Alexander Universität Erlangen-Nürnberg, with writ-
ten informed consent from all donors.

Generation of pHSV1(17+)Lox-mRFP​VP26
We generated pHSV1(17+)Lox-EGF​PVP26 (HSV1-GFP​VP26) and 
pHSV1(17+)Lox-mRFP​VP26 (HSV1-RFP​VP26) from the bacterial 
artificial chromosome (BAC) pHSV1(17+)Lox by replacing the first 
seven N-terminal amino acids of VP26 by EGFP or mRFP as re-
ported before for pHSV1(17+)Lox-CherryVP26 (Sandbaumhüter 
et al., 2013). The sequences encoding the fluorescent proteins 
were amplified from pEP-mRFP-in and pEP-GFP-in, and the PCR 
fragments were transformed together with the BAC pHSV1(17+)
Lox into Escherichia coli GS1783 for homologous recombina-
tion (Tischer et al., 2006; Nagel et al., 2008). BAC modifications 
were analyzed by digests with seven restriction enzymes and 
in-house sequencing of the BAC sequences around the insertion. 
BAC DNA was purified from overnight E. coli cultures using the 
Nucleobond BAC100 kit (Machery and Nagel) and resuspended 
in 50 µl 10 mM Tris-HCl, pH 8, and 50 µg/ml RNase A. Approxi-
mately 25 µg of DNA was digested with 35 U restriction enzymes 
(AscI, BamHI, EcoRI, EcoRV, HindIII, NotI, or XhoI; Fermentas) 
for 3.5 h, and loaded on a 0.6% (wt/vol) agarose gel in 0.5× TBE 
buffer (0.44 M Tris-HCl, 0.44 M boric acid, and 10 mM EDTA). 
Fragments were separated by gel electrophoresis at 66 mA for 
17 h (Fig. S1 a). We calculated the expected restriction fragment 
sizes based on the published sequence of HSV1(17+) (GenBank ac-
cession number NC_001806). 10 µg BAC DNA was transfected in 
a 60-mm dish with subconfluent Vero cells using the MBS mam-
malian transfection kit. Cells and medium were collected after 
development of cytopathic effects. Samples were freeze-thawed 
three times and used to amplify the viral stocks.

Characterization of HSV1(17+)Lox-mRFP​VP26
Extracellular viral particles secreted into the extracellular media 
were harvested by centrifugation. 6 × 107 or 1.3 × 107 plaque-form-
ing units (PFUs) per lane of HSV1(17+)Lox or HSV1(17+)Lox-mRFP​
VP26, respectively, were loaded onto a 6–18% gradient gel and 
transferred (48 mM Tris, 380 mM glycine, 20% [vol/vol] meth-
anol, and no SDS) onto nitrocellulose membranes (Pall Corp.). 
After blocking in 5% low-fat milk in PBS with 0.1% (vol/vol) 
Tween 20 membranes were probed with a mouse monoclonal 
antibody against VP5 (H1.4; Meridian Life Science) and rabbit 
polyclonal antibodies against gC (R47; Eisenberg et al., 1987) and 
VP26 (amino acids 95–112; Desai et al., 1998) followed by incu-
bation with secondary antibodies coupled to alkaline phospha-
tase (Dianova). Membranes were transferred into TSM buffer 
(100 mM Tris-HCl, pH 9.5, 100 mM NaCl, and 5 mM MgCl2) for 
20 min and stained with 0.2 mM nitroblue tetrazolium chloride 
and 0.8 mM 5-bromo-4-chloro-indolyl-3-phsophate in TSM buf-
fer. For documentation, membranes were scanned with a ScanJet 
6300 scanner (Fig. S1 b; Hewlett Packard).

Virus strains, virus preparation, and virus titration
In the present study, the HSV-1(17+) cytomegalovirus-EGFP/UL43 
strain expressing EGFP under the control of the cytomegalovirus 
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promoter, inserted into the UL43 gene, was used as the WT strain 
(HSV-1; BioVex). The following HSV-1 deletion strains were used 
in this study: HSV-1 strain 17 Δvhs (HSV-1-GFPΔKan-UL41(vhs); 
provided by Martin Messerle, Hannover Medical School, Han-
nover, Germany), HSV-1 strain 17 ΔICP34.5 (17termA, prema-
ture termination in the ICP34.5 gene; Bolovan et al., 1994), 
HSV-1 ICP34.5Δ68–87 (in-frame deletion of amino acids 68–87 
of ICP34.5 = ΔICP34.5-BBD, beclin-binding domain; Orvedahl 
et al., 2007), and HSV-1 ICP34.5Δ68-87R (marker rescue virus = 
ΔICP34.5_BBD/R; Orvedahl et al., 2007; provided by David Leib, 
Geisel School of Medicine at Dartmouth, Hanover, NH). HSV-1 
clinical isolates derived from patients (K4, K7, and K8, kindly pro-
vided by Manfred Marschall, Institute for Clinical and Molecu-
lar Virology, Erlangen, Germany) were used for further infection 
experiments. Preparation of virus stocks was performed using 
a modified protocol described by Sodeik et al. (1997). Briefly, 
subconfluent BHK-21 cells (used for HSV-1 WT, HSV-1 Δvhs, and 
HSV1-RFP​VP26) or Vero cells (used for ICP34.5 mutant strains) 
were infected with RPMI 1640 supplemented with 20 mM Hepes 
(5 ml/175 cm2 flask) containing a low multiplicity of infection 
(MOI; 0.01). After 1–2 h, 25 ml D10 medium was added and cells 
were cultivated for 3–4 d, until complete cytopathic effect was 
observed. Medium was harvested, cell debris was removed via 
centrifugation at 2,575 g and 4°C for 10 min, and virus contain-
ing supernatant was centrifuged at 39,742 g at 4°C for 2 h. Virus 
pellets were overlaid with a small volume of MNT buffer (30 mM 
MES, 100 mM NaCl, and 20 mM Tris) at 4°C overnight. After-
wards, virus pellets were resuspended, aliquoted, and stored at 
−80°C until further use. For UV inactivation (HSV-1 UV), viri-
ons were exposed six times to 0.12 J/cm2 in a Vilber Luormat and 
mixed gently after each irradiation cycle.

Plaque assay
Vero cells, used for viral titration, were cultured in D10 medium 
(DMEM; Lonza) supplemented with 10% FCS (Merck), 2  mM 
L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomy-
cin. Titration of cell culture supernatants was performed using 
Vero cells at 100% of confluency. Cells were washed with RMPI 
1640 (Lonza) supplemented with 0.1% BSA (Sigma-Aldrich) and 
20 mM Hepes (Lonza) before 200 µl supernatant from cell cul-
ture was added. After incubation on a rocking platform for 1 h at 
room temperature, the inoculum was removed, and 1 ml D10 me-
dium containing 10 µg/ml human IgG (Sigma-Aldrich) was added 
to each well. Cells were cultured in an incubator for 3 d until visi-
ble plaques had formed. Media were discarded, and the cells were 
fixed with 9% formaldehyde in PBS for 10 min. Afterwards, the 
formaldehyde solution was removed and 1 ml crystal violet solu-
tion (5% crystal violet in ethanol, 1:50 dilution in H2O) was added 
and incubated for 10 min. Subsequently, wells were washed with 
water and air-dried. Finally, plaques were counted, and the viral 
titer was calculated and indicated in PFUs per milliliter.

Single-step growth kinetics and plaque assays
Subconfluent Vero cells were inoculated with 5 PFUs per cell 
and supernatants were harvested at 9, 12, 18, and 24 hpi, respec-
tively. Extracellular virus titers were determined by plaque as-
says as described previously (Döhner et al., 2002). Briefly, Vero 

cells were cultured to just confluence in six-well dishes and in-
cubated for 1 h at room temperature on a rocking platform with 
10-fold serial dilutions of the different virus suspensions in CO2- 
independent medium (Life Technologies Gibco) with 0.1% (wt/vol) 
cell culture grade bovine serum albumin (PAA Laboratories). The in-
oculum was removed, and 2 ml/well growth medium containing 20 
µg/ml pooled human IgG (Sigma-Aldrich) was added. The cells were 
incubated for 3 d, fixed in absolute methanol, and stained with 0.1% 
(wt/vol) crystal violet and 2% (vol/vol) ethanol in H2O (Fig. S1 c).

Infection procedure
DCs (2 × 106) were infected in a total volume of 300 µl RPMI 1640 
medium supplemented with 20 mM Hepes at an MOI of 2. In-
fection was performed for 1 h at 37°C at 300 rpm in a shaking 
heating block (Eppendorf). Subsequently, cells were transferred 
to RPMI 1640 medium containing 1% autologous serum, 10 mM 
Hepes, 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml strep-
tomycin, 40 U/ml GM-CSF, and 250 U/ml IL-4, adjusted to a final 
concentration of 106 cells/ml.

Where indicated, cells were treated with 10 µM MG-132, 2 µM 
bortezomib, or 10 nM rapamycin (all from Enzo Life Sciences) at 
1 hpi. To inhibit autophagy and lysosomal degradation, cells were 
incubated with 10 µM spautin-1 or 1 µM BA-1 (all from Sigma- 
Aldrich) 1 h before infection.

Immunofluorescence microscopy
To analyze the subcellular localization of viral capsids, iDCs or 
mDCs were infected with HSV1-RFP​VP26 and allowed to adhere 
on poly-L-lysine (Sigma-Aldrich)–coated glass coverslips. Cells 
were fixed using 4% paraformaldehyde in PBS for 20 min. For 
nuclear staining and mounting, Roti-Mount FluorCare DAPI 
(Carl Roth) was used. Microscopic images were acquired using an 
LSM780 confocal microscope equipped with a Plan-Apochromat 
100×/1.40 oil M27 objective and ZEN 2011 SP3 acquisition soft-
ware (black edition; Zeiss). As imaging medium, we used Immer-
sol 518 F (Zeiss). For image processing and contrast adjustments, 
CorelDRAW X6 software (Corel) was used. For quantification of 
capsid distribution in one confocal section, we manually seg-
mented the nucleus and calculated the proportion of RFP​VP26 
signal that is located outside the nucleus (cytoplasm) versus total 
intensities for individual cells using the Fiji software (Schindelin 
et al., 2012) and a custom-written macro (see ZIP file in Online 
supplemental material).

To label lamin proteins LC3B and LAMP1, the cells were fixed 
and permeabilized using 100% ice-cold methanol. Blocking was 
performed using 1% BSA in PBS. Antibodies and fluorochromes 
used for immunofluorescence are listed in Table S1. Confocal 
microscopy was performed as described above. To quantify the 
immunofluorescence signal intensities of lamin and LC3A/B in 
one confocal section, we manually defined cell regions of indi-
vidual cells using Fiji software (Schindelin et al., 2012) and a cus-
tom-written macro (see ZIP file in Online supplemental material).

Transmission electron microscopy
Cells were grown in poly-L-lysine–coated 35 mm glass bottom 
dishes (ibidi) and fixed with glutaraldehyde (2.5% in 100 mM phos-
phate buffer) for 2 h at the indicated time points post infection. 
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Cells were then contrasted en bloc with 1% osmium tetroxide, 1% 
thiocarbohydrazide, 1.5% potassium ferrocyanide, and 0.5% uranyl 
acetate before they were dehydrated in an ascending ethanol series 
(50%, 70%, 90%, and 3× 100%, 10 min each) and stepwise (EPON/
EtOH 1:1 for 2 h, EPON overnight) flat-embedded in EPON resin 
(Poly/Bed 812; Polysciences Europe). Subsequently, EPON-embed-
ded samples were polymerized for 60°C at 24 h. After removal of 
the glass slide with 40% hydrofluoric acid, the EPON disk contain-
ing the cells of interest was removed from the dish, mounted on 
EPON resin blocks, and processed for ultramicrotomy. Serial sec-
tions were cut using a Leica EM UC7 ultramicrotome set to a thick-
ness of 50 nm and routinely poststained with 1% uranyl acetate 
and 3.8 mM lead citrate. Sections were investigated using a LaB6-
equipped JEOL 1400Plus transmission electron microscope. Digital 
images were acquired using a 4,096 × 4,096-pixel CMOS camera 
(TemCam-F416; TVI​PS) and image postprocessing of the resulting 
16-bit TIFF files was performed using Adobe Photoshop CS6.

Cell lysis and immunoblotting
Cells were harvested and solubilized in 2× Rotiload (Carl Roth) 
supplemented with 1 mM MgCl2 and 12.5 U/ml benzonase (Sigma- 
Aldrich). Samples were incubated at 37°C and with constant shak-
ing at 300 rpm in a heating block for 15 min and then denaturated 
at 95°C for 10 min. Proteins were separated using SDS-PAGE and 
subsequently transferred onto nitrocellulose membranes. After 
blocking with 5% (wt/vol) dry milk or 1× RotiBlock (Carl Roth) 
the membranes were incubated with the primary antibodies at 
4°C overnight. After incubation with the appropriate secondary 
HRP-labeled antibodies, detection was performed using ECL 
Prime Western blotting Detection Reagent (GE Healthcare). An-
tibodies used for immunoblot analyses are listed in Table S1.

RNA isolation, cDNA synthesis, and quantitative real-time PCR
For RNA isolation, DCs were harvested, washed once with cold 
PBS, and homogenized using the QIAshredder kit (QIA​GEN) 
according to the manufacturer’s instructions. Total RNA was 
subsequently isolated using the RNeasy MiniKit (QIA​GEN) ac-
cording to the manufacturer’s recommendations. Genomic DNA 
was removed via on-column DNA-digestion using the RNase-free 
DNase set (QIA​GEN). Finally, cDNA was transcribed with the First 
Strand cDNA synthesis kit (Thermo Fisher Scientific) as speci-
fied by the manual. Quantitative real-time PCR was performed 
using Sso Advanced SYBR Green Supermix (BioRad) and lamin 
A/C (forward, 5′-CAA​GAA​GGA​GGG​TGA​CCT​GA-3′; reverse, 5′-
GCA​TCT​CAT​CCT​GAA​GTT​GCTT-3′)– or S14 (forward, 5′-GGC​AGA​
CCG​AGA​TGA​ATC​CTCA-3′; reverse, 5′-CAG​GTC​CAG​GGG​TCT​TGG​
TCC-3′)-specific primers. The following quantitative real-time 
PCR cycling profile was performed: 95°C, 3 min; (95°C, 10 s; 63°C, 
30 s; 72°C, 30 s) 40 cycles; 65–95°C, 0.5°C/s using the Touch Ther-
mal Cycler CFX96 TM Real Time System (BioRad). Data analysis 
was performed using CFX Manager 3.0 software (BioRad).

Immunoprecipitation of LC3B
For immunoprecipitation of autophagosomes, 8 × 106 iDCs or 
mDCs were treated with 1 µM BA-1 1 h before infection. After-
wards, samples were mock treated or infected with HSV-1 (MOI 
of 2) and cultured in DC medium supplemented with 40 U/ml 

GM-CSF, 250 U/ml IL-4, and 1 µM BA-1. Cells were harvested 18 
hpi and lysed directly in 500 µl lysis buffer (10% glycerol, 2 mM 
EDTA, pH 8, 137  mM NaCl, 10  mM sodium phosphate, pH 7.2, 
0.5% NP-40, 2 mM PMSF, 20 mM sodium fluoride, and 2 mM Na- 
orthovanadate). After incubation at 4°C in an overhead rotator 
for 1 h, lysates were precleared via the addition of 25 µl protein 
A magnetic beads to each sample. Following incubation at 4°C in 
an overhead rotator for 1 h, 30 µl each lysate was mixed with 4× 
Rotiload (input control) and denatured at 95°C for 10 min. For im-
munoprecipitation, 1 µg of the LC3B-specific antibody (Table S1) 
was added to each sample. As negative control, pure lysis buffer 
was incubated with antibody in parallel. Samples were rotated at 
4°C overnight. Next, 70 µl protein A magnetic beads was added 
to each sample followed by an incubation at 4°C in an overhead 
rotator for 5 h. Immunoprecipitates were washed five times with 
PBS supplemented with 0.1% Tween. Finally, magnetic beads 
were resuspended in 60 µl of 2× Rotiload and incubated for 15 
min at 95°C. Samples were analyzed by immunoblot analysis or 
subjected to quantitative label-free mass spectrometry.

Mass spectrometry analysis
For comparative proteomic analysis, protein extracts as well as 
immunoprecipitates were processed by a modified filter-aided 
sample preparation method (Wiśniewski et al., 2009) as previ-
ously described by Lamm et al. (2017). Briefly, protein samples 
were loaded on a 10-kD-cutoff filter (Vivacon 500; Sartorius) and 
washed with 8M urea supplemented with 50 mM TEAB (wash 
buffer) to discard remaining detergents and to denature pro-
teins for enhanced accessibility during protease digestion. Pro-
teins were reduced with 25 mM DTT in wash buffer followed by 
alkylation with 25 mM 2-chloroacedtamide (Sigma-Aldrich) in 
wash buffer in darkness for 30 min. Upon each buffer change or 
washing step, samples were centrifuged until dry. Protein sam-
ples were then incubated with 50 µl of 6 M urea supplemented 
with 50 mM TEAB and 0.5 µg Lys-C (Wako Chemicals) at a shak-
ing incubator at 37°C for 3  h. Subsequently, 250  µl of 50  mM 
TEAB was added adjusting a final concentration of 1 M urea for 
tryptic digestion using 1 µg trypsin (sequencing-grade modified 
trypsin; Promega) at 37°C overnight. After protein digestion, ob-
tained tryptic peptides were collected in the flow through after 
centrifugation. The resulting peptide solution was acidified to a 
final concentration of 0.1% TFA for subsequent desalting using 
C18 stage tips. Subsequently, peptide samples were vacuum con-
centrated and resuspended in 5% formic acid. All peptide samples 
were separated by reverse phase chromatography with a linear 
increase of acetonitrile on a nano flow Ultimated 3000 HPLC (Di-
onex) with a flow rate of 200 nl/min. Separated peptides were 
ionized by an EASY-Spray ion source (Thermo Fisher Scientific) 
with 2.0 kV and 275°C of the transfer capillary. All samples were 
analyzed by an Orbitrap Fusion tribrid (Thermo Scientific) work-
ing in a positive polarity mode. Detailed mass spectrometry scan 
settings were previously described by Kraner et al. (2017). For 
label-free quantification, raw file analysis was performed with 
PEA​KS Studio 8.0 (Bioinformatics Solutions; Zhang et al., 2012) 
against the combined human and HHV1 uniprot.org database 
(March 2017, 71,014 entries). Oxidation of methionine was set as 
dynamic modification and carbamidomethylation of cysteines as 
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static modification. Only identified proteins with a false discov-
ery rate of <1% were used for quantitative analysis.

Silencing of KIF1B and KIF2A expression
iDCs (3 × 106) were electroporated with 75 pmol siRNA target-
ing KIF1B (Santa Cruz Biotechnology) and/or KIF2A (Santa Cruz 
Biotechnology) using the P3 Primary Cell 4D-Nucleofector X 
Kit (pulse: EH-100) and the 4D-Nucleofector Device (Lonza) ac-
cording to the manufacturer’s instructions. Control siRNA (flu-
orescein conjugate)-A (Santa Cruz Biotechnology) was used as 
negative control. After electroporation, the nucleovette was im-
mediately flushed with 500 µl warm RPMI 1640, and cells were 
transferred into a 24-well tissue culture plate. RPMI 1640 supple-
mented with 1% autologous serum, 10 mM Hepes, 2 mM L-glu-
tamine, 100 U/ml penicillin, 100 mg/ml streptomycin, 40 U/ml 
GM-CSF, and 250 U/ml IL-4 was added adjusting a final concen-
tration of 106 cells/ml. After 4 h, maturation was induced by the 
addition of 10 ng/ml TNF-α, 1 mg/ml PGE2, 200 U/ml IL-1β, and 
1000 U/ml IL-6. 2 d later, cells were used for further experiments.

Silencing of FIP200 expression
iDCs (6–8 × 106) were electroporated with 75 pmol (750 nM) 
siRNA targeting FIP200 (Santa Cruz Biotechnology) or control 
siRNA (fluorescein conjugate)-A (Santa Cruz Biotechnology) ac-
cording to a method described previously (Gerer et al., 2017). In 
brief, siRNA was transferred to a 4-mm electroporation cuvette. 
iDCs were washed once with electroporation medium (OptiMEM 
without phenol red; Life Technologies Gibco), dissolved in elec-
troporation medium adjusted to a final concentration of 6 × 106 
cells/100 µl, and added to the cuvette. The cuvette was electropo-
rated in a Gene Pulser Xcell (BioRad) with the following settings: 
square-wave pulse, 500 V, 1 ms. After electroporation, cells were 
transferred into RPMI 1640 supplemented with 1% autologous 
serum, 10 mM Hepes, 2 mM L-glutamine, 100 U/ml penicillin, 
100 mg/ml streptomycin, 40 U/ml GM-CSF, and 250 U/ml IL-4 
adjusted to a final concentration of 106 cells/ml. Cells were used 
for further experiments after an incubation of 48 h.

Statistics
Statistical analyses were performed using GraphPad Prism 6 
(GraphPad Prism Software). For statistical analyses, we used a 
Mann–Whitney U test for pairwise nonparametric tests between 
infected iDCs and mDCs or the infected, untreated control group 
and the infected condition upon treatment. For multiple datasets, 
we used a one-way ANO​VA and Bonferroni multiple comparison 
post hoc tests to determine the variance in the experimental re-
sults obtained. Significance was accepted at P < 0.05. Error bars 
are shown as mean ± SD or as mean ± SEM.

Online supplemental material
Fig. S1 shows the molecular and functional characterization of 
HSV1-RFP​VP26, which was used for infection experiments. Fig. 
S2 shows the phosphorylation status of lamin A/C during HSV-1 
WT infection kinetics of iDCs, mDCs, and HFF cells. Fig. S3 shows 
transcriptional and translational regulation of lamin A/C in 
HSV-1 WT– versus Δvhs–infected iDCs and mDCs. Fig. S4 shows 
microscopic data of lamin B1 and lamin B2 immunofluores-

cence staining as well as their quantification in iDCs and mDCs.  
Fig. S5 shows lamin A/C, B1, and B2 protein levels upon HSV-1 in-
fection of iDCs and mDCs with or without inhibition of autophagy 
using spautin-1. Table S1 summarizes all antibodies for immuno-
blotting, immunofluorescence, or immunoprecipitation experi-
ments used in this study. Table S2 shows raw data obtained from 
mass spectrometric analyses of anti-LC3B immunoprecipitates. 
Our custom-written macro for the quantification of HSV1-RFP​
VP26 signals located inside versus outside the nucleus is available 
in the Data S1 ZIP file and designated as MacroCapsidLocaliza-
tion. The custom-written macro for the quantification of lamin 
and LC3B immunofluorescence signal intensities is also available 
in the Data S1 ZIP file and designated as MacroLaminLC3B.
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