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gammaherpesvirus infection. One
consequence of increased systemic
inflammation in the setting of autophagy-
gene deficiency is the inhibition of
reactivation of the herpesvirus from
latently infected macrophages.
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SUMMARY

Host genes that regulate systemic inflammation
upon chronic viral infection are incompletely under-
stood. Murine gammaherpesvirus 68 (MHV68) infec-
tion is characterized by latency in macrophages,
and reactivation is inhibited by interferon-y (IFN-y).
Using a lysozyme-M-cre (LysMcre) expression sys-
tem, we show that deletion of autophagy-related
(Atg) genes Fip200, beclin 1, Atg14, Atg16l1, Atg7,
Atg3, and Atg5, in the myeloid compartment, in-
hibited MHV68 reactivation in macrophages. Atg5
deficiency did not alter reactivation from B cells,
and effects on reactivation from macrophages were
not explained by alterations in productive viral repli-
cation or the establishment of latency. Rather,
chronic MHV68 infection triggered increased sys-
temic inflammation, increased T cell production of
IFN-v, and an IFN-y-induced transcriptional signa-
ture in macrophages from Atg gene-deficient mice.
The Atg5-related reactivation defect was partially
reversed by neutralization of IFN-y. Thus Atg genes
in myeloid cells dampen virus-induced systemic
inflammation, creating an environment that fosters
efficient MHV68 reactivation from latency.

INTRODUCTION

Herpesvirus infections are life-long due to the establishment of
latency, a molecularly quiescent form of infection, and reactiva-
tion from latency to generate infectious virus (Speck and Ganem,
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2010). Chronic human gammaherpesvirus infection with
Epstein-Barr virus or Kaposi’s sarcoma-associated herpesvirus
is associated with lymphoproliferative diseases (Cesarman
et al., 1995; Chang et al., 1994; Nador et al., 1996; Young
etal., 1989). Infection of mice with the related murine gammaher-
pesvirus 68 (MHV68, yYHV68, MuHV4) also results in lymphopro-
liferative disease (Tarakanova et al., 2005, 2008). After resolution
of acute productive infection, MHV68 persists in mice by estab-
lishing latency in peritoneal macrophages and splenic B cells in-
dependent of the route of infection (Flafio et al., 2000; Tibbetts
et al., 2003; Weck et al., 1996, 1999a, 1999b). Interferon-y
(IFN-v) inhibits, and IL-4 increases, reactivation from latently
infected macrophages by regulating viral promoters for the
essential immediate early gene 50 (Barton et al., 2011; Goodwin
et al., 2010; Reese et al., 2014; Steed et al., 2006, 2007).
Macroautophagy (termed canonical autophagy herein) de-
grades cytoplasmic cargo captured within double membrane-
bound autophagosomes, which fuse with lysosomes to generate
autolysosomes (Levine et al., 2011). We refer to canonical au-
tophagy to distinguish it from topologically distinct cellular pro-
cesses that require certain Atg genes such as LC3-associated
phagocytosis (LAP), secretion, and control of parasite and viral
replication by IFN-y (Bestebroer et al., 2013; Choi et al., 2014;
DeSelm et al., 2011; Henault et al., 2012; Hwang et al., 2012;
Martinez et al., 2015; Reggiori et al., 2010; Sanjuan et al., 2007;
Zhao et al., 2008). Canonical autophagy involves activation of
the ULK1 complex (ULK1-ATG13-FIP200-ATG101) and the class
Ill phosphatidylinositol-3-OH kinase (PI3K) complex (VPS34-
VPS14-Beclin 1-ATG14). Two ubiquitin-like protein conjugation
systems conjugate LC3 family members to phosphatidyl-etha-
nolamine and ATG12 to ATG5 (Weidberg et al., 2010, 2011) in re-
actions requiring ATG7 as an E1-like enzyme. ATG10, ATG5, and
ATG16L1 are involved in generating ATG5-ATG12 conjugates
while ATG3 and ATG4 are involved in LC3 lipidation. SNAREs
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mediate the fusion of autophagosomes and lysosomes (Diao
et al., 2015; Itakura et al., 2012; Nair et al., 2011).

Atg genes regulate innate and adaptive immunity (Dupont et al.,
2011; Lupfer et al., 2013; Nakahira et al., 2011; Saitoh et al., 2008;
Shietal., 2012) and participate in LAP (Henault et al., 2012; Huang
etal.,2009; Martinezetal.,2011,2015; Sanjuan et al., 2007). Auto-
phagy and Atg gene-dependent cellular functions control intracel-
lular pathogens such as viruses (Hwang et al., 2012; Orvedahl
etal.,2007,2010) and are countered by herpesvirus virulence pro-
teins (E et al., 2009; Lee and Sugden, 2008; Lee et al., 2009; Leidal
et al., 2012; Liang et al., 2013; Loh et al., 2005; Orvedahl et al.,
2007; Takahashi et al., 2009; Yordy et al., 2012).

Since Atg genes and canonical autophagy control both viral
replication in a cell-intrinsic manner and inflammatory processes
that might influence viral infection in a cell-extrinsic manner, we
defined the role of Atg genes during MHV68 infection. We found
that myeloid cell expression of multiple Atg genes was required
for efficient MHV68 reactivation from murine macrophages, but
not for viral replication or establishment of latency. This function
of Atg genes was through inhibition of virus-triggered systemic
inflammation rather than effects intrinsic to infected cells. Some
Atg genes required for efficient reactivation are not required for
LAP, arguing that canonical autophagy inhibited virus-triggered
systemic inflammation. Thus, Atg genes prevent excessive sys-
temic inflammation during chronic herpesvirus infection. Inter-
estingly, in a companion paper we found that certain Atg genes
act in myeloid cells to prevent lung inflammation and thereby fos-
ter lethal influenza virus infection (Lu et al., 2016). Together these
studies suggest that a common role for Atg genes in myeloid cells
is to prevent tissue-specific and virus-induced inflammation and
that this can have significant effects on infectious disease.

102 10° 10 10°
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T Atgdb™

C57BI/6

Figure 1. Multiple Autophagy Genes Promote
MHV68 Reactivation from Macrophages

(A-D) Fip200™-LysMcre, beclin 1"-LysMcre, and
Atg14™"-LysMcre mice (A); Atg7"-LysMcre, Atg16117"-
LysMcre, Atg5""-LysMcre, and Atg3”"-LysMcre mice
(B); Atg4b~'~ (C); and p62~'~ (D) and wild-type litter-
mates were infected with 1 x 10° PFU MHV68 intra-
peritoneally (i.p.) for 42 days to determine frequency of
virus reactivation in peritoneal exudate cells (PECs)
during latent infection using LDA analysis. Data points
indicate the percentage of wells that were positive for
cytopathic effect (CPE) on a mouse embryonic fibro-
blast (MEF) monolayer at a given cell dilution. All LDA
experiments are n = 3 or 4 with 3-5 mice pooled per
experiment. Data are the mean + SEM and p values
were obtained by paired t test over all dilutions. Only
significant comparisons are indicated. *p < 0.05,
**p < 0.01, **p < 0.005, ****p < 0.001.
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RESULTS

Multiple Autophagy Genes Promote
MHV68 Reactivation from
Macrophages

To investigate whether Atg genes regulate
chronic MHV68 infection, we used mice
with Atg genes flanked by loxP sites,
Atg¥/fox (Atg™ bred to mice expressing Cre recombinase un-
der the control of the lysozyme-M (LysMcre) promoter (Clausen
et al., 1999; Hwang et al., 2012; Jakubzick et al., 2008). Several
studies have demonstrated canonical autophagy-independent
functions of Atg genes (Choi et al., 2014; DeSelm et al., 2011; He-
nault et al., 2012; Hwang et al., 2012; Sanjuan et al., 2007; Zhao
et al., 2008). We selected Atg genes involved in various stages of
autophagy, recognizing that in macrophages beclin 1, Atg5,
Atg7, Atg16l1, and Atg3 are required for both canonical auto-
phagy and LAP, while Fip200 and Atg14 are not required for
LAP (Martinez et al., 2015).

We assessed reactivation from latency 42 days after MHV68
infection, when productive infection has been cleared, using a
limiting dilution reactivation assay (LDA) in which cell populations
containing latently infected cells are explanted onto monolayers
of murine embryonic fibroblasts (MEFs) for 2-3 weeks and the
emergence of infectious virus is scored by detecting virus-
induced cytopathic effects on the MEF monolayer (Weck et al.,
1996). The presence of preformed infectious virus in samples
was assayed in parallel by disrupting explanted cells in a manner
that prevents reactivation but that does not inactivate infectious
virus.

MHV68 reactivation from peritoneal exudate cells (PECs) is
overwhelmingly from latently infected macrophages (Weck
et al.,, 1999b). MHV68 reactivated inefficiently from peritoneal
macrophages from mice lacking Fip200, beclin 1, or Atg14 in
LysM-expressing cells (Figure 1A). LysM-specific deletion of
genes involved in the ubiquitin-like conjugations systems of
autophagy including Atg5, Atg7, Atg16/1, and Atg3 resulted in
a similar defect in MHV68 reactivation (Figure 1B). The differ-
ence between mice mutated for Atg3 versus other genes is

102 10° 104 10°
PECs/well
O p62*-
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likely related to inefficient deletion of this gene in these lineages
(Choi et al., 2014). Cells from Atg4b~'~ mice reactivated nor-
mally (Figure 1C). There was no reactivation from splenocytes
at this time point (Figure S1A and data not shown), and pre-
formed infectious virus did not contribute to observed reactiva-
tion (Figure S1B). p62, an autophagy adaptor responsible for
targeting Sindbis virus capsids to the autophagosome (Orve-
dahl et al., 2010), did not regulate MHV68 reactivation (Fig-
ure 1D). Thus, multiple Atg genes, but not p62, promote the
MHV68 reactivation from latently infected macrophages. For
subsequent studies, we focused on MHV68 reactivation using
mice lacking Atg5.

Autophagy Genes Control MHV68 Reactivation from
Macrophages but Not from B Cells

Since MHV68 establishes latency in splenic B cells, we evalu-
ated MHV68 reactivation in mice lacking Atg5 in CD19-express-
ing cells (Atg5”"-CD19cre) (Conway et al., 2013; Miller et al.,
2008; Pengo et al.,, 2013) at 16 days after infection, a time
when reactivation from explanted B cells is robust enough to
be quantified. MHV68 reactivated less efficiently from peritoneal
macrophages from Atg5”"-LysMcre mice at this time point, but
reactivation from splenic B cells was identical in Atg5”" and
Atg5"-CD19cre mice (Figure 2). Thus, Atg5 deficiency does
not control MHV68 reactivation in B cells.

Atg5 Is Not Required for Viral Replication or
Establishment of Latent Infection

Defective reactivation could be due to a failure of MHV68 to repli-
cate in Atg5-deficient macrophages or to establish or maintain
latent infection. However, viral replication was normal in bone

LysM: Splenocytes

CD19: Splenocytes

Splenocytes/well

Figure 2. Autophagy Genes Control MHV68
Reactivation from Macrophages, Not from
B Cells

Atg5™, Atg5""-LysMcre, and Atg5™"-CD19cre mice
were infected with 1 x 10° PFU MHV68 i.p. for
16 days, and LDA was performed on PECs and
splenocytes to measure virus reactivation. Data
are combined from three biological replicate ex-
periments with 3-5 mice pooled per experiment.
Data are the mean + SEM and p values were ob-
tained by paired t test over all dilutions. Only sig-
nificant comparisons are indicated. ****p < 0.001.

103
Splenocytes/well

104 10°

marrow-derived macrophages (BMDMs)
(Figure 3A) or PECs (Figure 3B) from
Atg5™"-LysMcre mice, and there was no
Atg5-associated defect in replication
in vivo as measured by plaque assay (Fig-
ure 3C) or light emission in mice infected
with luciferase-expressing MHV68
(M3FL) (Hwang et al., 2008; Reese et al.,
2014) (Figure 3D). Further, the frequency
of virus-positive PECs during chronic
infection was not affected by Atgs muta-
tion as measured by limiting dilution
nested PCR targeting MHV68 viral orf72
(Figure 3E) (Weck et al., 1999a, 1999b).
Thus decreased reactivation was not due to arole for Atg5 in viral
replication or latency establishment.

We next determined whether there was a paracrine factor from
Atg5”"-L ysMcre PECs that inhibited reactivation by comparing vi-
rus reactivation in PECs from Atg5”" and Atg5™'-LysMcre mice to
reactivation from a 1:1 mixture of these cell populations (Fig-
ure 3F). In the 1:1 mixture, we observed greater than the 2-fold
decrease expected if changes in reactivation were merely due
to the dilution of Atg5™ cells by reactivation-defective Atg5™'-
LysMcre PECs. This finding could be explained by the secretion
of a paracrine factor, likely of immune origin, capable of blocking
viral reactivation by reactivation-defective cell populations.

103 104

Atg5 Deficiency Increases Virus-Induced IFN-y-
Dependent Macrophage Activation

We hypothesized that the immune response to MHV68 in Atg5™'-
LysMcre mice might differ from that in wild-type mice. The fre-
quency of latently infected macrophages was ca. 1/1,000
PECs (Figure 3E), indicating that changes in overall cell popula-
tions would be due to systemic effects of Atg gene deficiency
rather than effects intrinsic to these rare infected cells. As ex-
pected, MHV68 infection increased inflammatory monocytes
regardless of genotype (Figure S2A) (Barton et al., 2007).
However, neutrophils were increased selectively in latently
infected Atg5™"-LysMcre mice, consistent with a recent report
of increased proliferation of peripheral neutrophils in Atg5”'-
LysMcre mice (Rozman et al., 2015).

We next assessed the steady-state level of transcripts in perito-
neal macrophages during chronic MHV68 infection using
RNA-seq. Gene set enrichment analysis demonstrated changes
in transcription specific to macrophages from MHV68-infected
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Atg5”-LysMcre mice, including upregulation of TNF and IFN-y
response pathway genes (Figure 4A). A smaller increase in the
expression of IFN-y response genes was observed in macro-
phages from uninfected Atg5”-LysMcre compared to Atg5™
mice. qRT-PCR analysis validated RNA-seq results for Nos2,
Tnf, and /l1b (Figure 4B) and the interferon-regulated genes Mx1
and Oasl/2 (Figure S2B). Upregulation of IFN-y and TNF signaling
pathways was also observed in macrophages from latently in-
fected Atg16/1""-LysMcre mice (Figure S2C). Peritoneal macro-
phages from infected Atg5”'-LysMcre mice expressed increased
levels of INOS protein (Figures 4C and S2D). In addition, macro-
phages from uninfected Atg5”"-LysMcre mice were hyper-respon-
sive to IFN-y stimulation in vitro, expressing increased iINOS
protein compared to cells from Atg5”" mice (Figure S2E). Thus
Atg5™-LysMcre macrophages have a small basal upregulation of
IFN-y pathway genes and increased sensitivity to IFN-y stimula-
tion. Atg5-dependent changes in macrophage gene expression
in vivo were exacerbated by latent MHV6E8 infection even though
only a very small proportion of these cells were latently infected.

Increased T Cell-Derived IFN-y Inhibits MHV68
Reactivation in Atg5™'-LysMcre Mice

The gene expression data suggested a role for IFN-vy in systemic
inflammation, a hypothesis supported by the observation that

ical replicate experiments with 3-5 mice pooled per
experiment. PECs from Atg5” and Atg5”"-LysMcre
mice were mixed at a ratio of 1:1 and plated at the
indicated ratios. Data are the mean + SEM.

MHV68-infected Atg5”-LysMcre mice exhibited increased
serum levels of IFN-vy (Figure 5A). Explanted PECs from these
mice secreted increased amounts of IFN-y (Figure 5B), indi-
cating that a peritoneal cell type was producing increased
IFN-y. To determine the source of IFN-y, we analyzed IFN-vy-
producing cell types including NK cells and CD4 and CD8
T cells. Total numbers of these cells were identical between
Atg5”" and Atg5™"-LysMcre mice (Figure 6A). Depletion of NK
cells throughout infection in Atg5” and Atg5”-LysMcre mice
did not change virus reactivation (Figure S3A). We observed an
increase in IFN-y-positive peritoneal CD4 T cells in latently in-
fected Atg5”™-LysMcre mice (Figure 6B). Depletion of CD4 and
CD8T cells decreased IFN-v secretion by explanted PECs, sug-
gesting that T cells were a major source of IFN-y during chronic
MHV88 infection of Atg5™"-LysMcre mice (Figure 6C).

We did not find increased secretion of IL-12p70 or IL-18 or
changes in cell surface expression of CD80, CD86, or MHC
class Il in macrophages from Atg5”" and Atg5”'-LysMcre mice
that might explain these observations (Figures S3B and S3C).
We adoptively transferred transgenic CD4 T cells expressing a
T cell receptor (TCR) specific for MHV68 glycoprotein gp150
(Freeman et al., 2011) and CD8 T cells expressing a TCR specific
for ovalbumin (Loh et al., 2012) into Atg5”" and Atg5”"-LysMcre
mice followed by infection with MHV68 expressing ovalbumin

94 Cell Host & Microbe 19, 91-101, January 13, 2016 ©2016 Elsevier Inc.
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(Braaten et al., 2005). PECs were harvested 28 days later and
stimulated with specific (gp150 or ovalbumin) and control (influ-
enza NP3e6.374) peptides (Figures S3D and S3E). Virus-specific
CD4 and CD8 peritoneal T cells expressed IFN-y after antigen
stimulation similarly regardless of whether they came from
Atg5”" or Atg5”"-LysMcre mice, indicating that enhanced IFN-y
production is due to an in vivo effect not duplicated in ex vivo
T cell stimulation assays.

IFN-y Neutralization Rescues MHV68 Reactivation in
PECs from Atg5”'-LysMcre Mice

Data on elevated IFN-vy levels were of interest because this cyto-
kine inhibits MHV68 reactivation from latency (Goodwin et al.,
2010; Steed et al., 2006, 2007) with minimal effects on acute
replication of MHV68 (Dutia et al., 1997; Sarawar et al., 1997; Tib-
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2002). IFN-y neutralization at the time of
explant partially restored reactivation in
PECs from Atg5™"-LysMcre mice (Fig-
b ure S4A), but as the reactivation curve
. 5 did not cross the Poisson distribution
4 line, it was not possible to calculate the
3 statistical significance for this reproduc-
2 ible effect (Figure S4B). There was no ef-
1 fect of anti-IFN-vy treatment upon explant
0 G@ on reactivation from PECs from Atg5""
mice. When |IFN-y was neutralized
@9 throughout the course of MHV68 infection
in Atg5™"-LysMcre in vivo and in explant
cultures, we observed increased reacti-
vation in macrophages from Atg5”-
LysMcre mice to the level observed in
macrophages from untreated Atg5”"
mice (Figure 7), with no preformed virus

O Atgd"LysMere  detected in anti-IFN-y treated groups
(Figure S4C). This procedure also

increased reactivation of macrophages

from Atg5™ mice. Differences in virus re-

activation remained between Atg5”" and

Atg5™"-LysMcre mice after neutralization of IFN-y, suggesting
that this cytokine may not be the sole contributor to decreased
reactivation observed in Atg gene-deficient mice. Thus IFN-y
expression in vivo plays a role in limiting reactivation of MHV68
from cells derived from an autophagy-deficient environment.

DISCUSSION

We report that deletion of Atg genes in LysM-expressing cells re-
sulted in decreased efficiency of MHV68 reactivation from latent
infection and increased virus-triggered systemic inflammation,
including high circulating IFN-y levels and expression of TNF
and IFN-y pathway genes in macrophages. IFN-y is likely an
important link between systemic inflammation and decreased
reactivation from latency, as this cytokine potently inhibits
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Figure 5. Elevated IFN-y in Atg57-LysMcre Mice Drives Macro-
phage Activation

(A) Serum levels of IFN-y were measured by Luminex xMAP technology
42 days after infection. Each data point represents one mouse. Data were
analyzed by a one-way ANOVA with Kruskal-Wallis test with multiple com-
parisons. *p < 0.05, **p < 0.005.

(B) 40,000 PECs pooled from three Atg5”" mice or Atg5™-LysMcre mice were
plated onto a monolayer of MEFs for 24 hr in a 96-well plate. IFN-y levels in the
supernatants were measured by a sandwich ELISA. The data are four bio-
logical replicate experiments with 24 technical replicate wells per sample.
Each data point represents a technical replicate and was analyzed by the non-
parametric Mann-Whitney U test. **p < 0.005.

reactivation from latency in macrophages in vivo and in vitro
(Goodwin et al., 2010; Steed et al., 2006, 2007), and neutraliza-
tion of IFN-y increased viral reactivation in macrophages from
mice lacking Atg5 in LysM-expressing cells. Thus, Atg genes in
myeloid cells can influence the course of chronic viral infection
through effects on the overall inflammatory state of the host
and are responsible for limiting systemic inflammation during
chronic herpesvirus infection.

Role of Atg Genes in Myeloid Cells in Control of
Herpesvirus Reactivation

Deleting Atg genes including Atg5, Atg16l1, Atg7, Atg3, Atg14,
beclin 1, and Fip200 in myeloid cells resulted in inhibition of
MHV68 reactivation from latently infected macrophages. How-
ever, mice lacking Atg4b had normal frequencies of reactiva-
tion. This discrepancy may be attributed to the existence of
multiple isoforms of Atg4 (Choi et al., 2014; Marifo et al.,
2010). The involvement of all of these Atg genes in control of
reactivation is most consistent with a requirement for canonical
autophagy, a process requiring all of the Atg genes tested (Lev-
ine et al., 2011; Martinez et al., 2015) in control of chronic virus
infection. The involvement of Atg74 and Fip200 is informative,
as these genes are not required for LAP (Martinez et al,
2015). This differs from other situations in which canonical
autophagy-independent functions of Atg genes control path-
ogen infection (Choi et al., 2014; Hwang et al., 2012; Reggiori
et al., 2010; Zhao et al., 2008).

Cell-Intrinsic Versus Cell-Extrinsic Effects of Atg Genes
on Viral Infection

IFN-y inhibits murine norovirus growth in macrophages in a
manner dependent on Atgh, Atg7, and Atg16/1, but not on
Atg14 or the degradative function of canonical autophagy
(Hwang et al., 2012). Atg genes can also have pro-viral actions

in infected cells, such as in the release of picornaviruses from in-
fected cells (Alirezaei et al., 2012; Taylor and Kirkegaard, 2008)
and the replication of Dengue virus, coronavirus, and hepatitis
C virus (Dreux et al., 2009; Heaton et al., 2010; Reggiori et al.,
2010). In these situations Atg genes act directly in the infected
cell. In contrast, we found no evidence for a cell-intrinsic role
for Atg5 in MHV68 replication. Instead, Atg gene deficiency
enhanced virus-triggered systemic immune activation during
chronic infection, which resulted in decreased reactivation
from latency. These data reveal inhibition of systemic inflamma-
tion as an additional mechanism through which Atg genes regu-
late viral infection.

MHV68 encodes a viral Bcl-2 (v-Bcl-2) protein reported to
inhibit both autophagy and apoptosis. Analysis of MHV68
v-Bcl-2 mutants in BALB/c mice supports a role for v-Bcl-2-
mediated inhibition of autophagy in maintenance of latency,
while the anti-apoptotic function fosters viral reactivation
(E et al., 2009). However, in C57BL/6J mice, full deletion of
v-Bcl-2 only modestly inhibits viral reactivation from latency
without changing the frequency of latently infected cells (Gang-
appa et al., 2002; Loh et al., 2005). Using C57BL/6J mice, we
observed profound effects of deletion of Atg genes in the
myeloid lineage on reactivation but not establishment or main-
tenance of viral latency. Since deletion of v-Bcl-2 (which should
increase autophagy in infected macrophages) and the deletion
of Atg genes in myeloid cells (which inhibits autophagy in both
infected and uninfected cells) both result in decreased reactiva-
tion, the data strongly support the concept that the dominant
effects observed here are due to Atg gene effects outside of
the infected cell. This further supports our conclusion that regu-
lation of virus-induced systemic inflammation is an important
role for Atg genes.

Role of Autophagy and Atg Genes in Controlling
Inflammation

Numerous studies have identified Atg genes and cano-
nical autophagy in macrophages as key regulators of inflam-
mation (Abdel Fattah et al., 2015; Deretic et al., 2015;
Kanayama et al., 2015; Levine et al., 2011). While we
measured events that occur in macrophages such as gene
expression and viral reactivation, LysMcre-mediated gene
deletion occurs in multiple cell types including neutrophils
and some dendritic cells (Clausen et al., 1999; Jakubzick
et al., 2008). Therefore, the effects on macrophage-dependent
assays presented here could be due to effects of Atg genes
in either macrophages or other LysM-expressing cell
types that regulate inflammation triggered by chronic virus
infection.

We found that peritoneal macrophages from uninfected
Atg5”-LysMcre mice exhibited a significant upregulation of
IFN-y response pathway genes, an effect likely due to
increased MHV68 infection-driven IFN-y expression in CD4
T cells. Macrophages from uninfected Atg5”-LysMcre mice
were hyper-responsive to IFN-y treatment. Interestingly, Atg5-
deficient BMDMs have largely normal responses to IFN-y
(Hwang et al., 2012; Zhao et al., 2008), strongly indicating
that events in vivo are triggering Atg gene-controlled inflamma-
tion, even without the stimulus of chronic virus infection. These
findings suggest that Atg genes are required to limit basal
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Figure 6. Increased T Cell-Derived IFN-y
Inhibits MHV68 Reactivation in Atg5™'-
LysMcre Mice

(A) Total numbers of peritoneal CD4, CD8, and NK
fo) 00 cells were measured by flow cytometry in latently
infected Atg5”" and Atg5”-LysMcre mice. Each
point represents a single mouse, and data are
analyzed by the non-parametric Mann-Whitney
U test. No significant differences were observed.
(B) Absolute cell numbers and % of cells of IFN-y-
positive CD4 were measured in latently infected
Atg5™” and Atg5"-LysMcre PECs using intracel-
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lular staining after 5 hr of Brefeldin A and monensin
A treatment ex vivo. Data are three independent
biological replicate experiments and analyzed by
non-parametric Mann-Whitney U test. *p = 0.02.

(C) CD4 and CD8 T cells were depleted 2 days
prior to harvesting PECs. Latently infected PECs
were plated onto MEFs for 24 hr, and IFN-y
supernatant levels were measured by ELISA. Effi-
ciency of depletion was measured by flow cy-

ACD4/CD8 tometry. Data were analyzed by a one-way ANOVA
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with Kruskal-Wallis test with multiple compari-

0.11 sons. *p < 0.01, **p < 0.005, ***p < 0.001.

tion is linked to many human diseases
including cancer, diabetes, cardiovascu-

lar disease, and auto-immunity (Virgin,

0 4
Atg5™
-LysMcre

ACD4/CD8

inflammation and that a trigger such as chronic viral infection
can amplify the abnormal basal inflammation observed when
myeloid cells lack Atg genes. The fact that basal lung inflamma-
tion is also inhibited by Atg genes (Lu et al., 2016), and that the
lung inflammation that results from deletion of these genes in
myeloid cells prevents lethal influenza virus infection, under-
lines the general role of Atg genes in regulating infection
through effects on inflammation.

Implications for Disease and the Biology of Chronic Viral
Infections

We and others have documented the consequences of chronic
viral infections and the mammalian virome in shaping immune re-
sponses to secondary infections and other challenges (Barton
et al., 2007; MacDuff et al., 2015; Osborne et al., 2014; Reese
et al., 2014; Stelekati et al., 2014; Virgin, 2014; Virgin et al.,
2009). For example, chronic MHV68 infection induces prolonged
low-level production of IFN-y and activation of macrophages in
normal mice, resulting in symbiotic resistance to bacterial infec-
tion (Barton et al., 2007). Data presented here indicate that this
process is enhanced in mice lacking Atg5 or Atg16/1 in myeloid
cells. Our data suggest that autophagy plays a key role in limiting
inflammation caused by common chronic viral infections,
thereby protecting the host from diseases worsened by chronic
inflammation. This may be significant, as most or all humans
carry multiple chronic virus infections, and systemic inflamma-

CD8

2014). It is important to note that all ex-

periments presented here are loss-of-

function in design and therefore do not

demonstrate that induction of autophagy

would limit basal or virus-induced inflam-

mation. However, our data support
testing the hypothesis that basal and virus-triggered inflamma-
tion may be lessened by induction of autophagy.

One could speculate that chronic herpesvirus infection sets
the stage, in an Atg gene-dependent manner, for protective
effects of innate or adaptive immunity and harmful effects of
inflammation or auto-immunity in persons with specific genetic
constitutions. For example, chronic MHV68 infection comple-
mented genetic immunodeficiency due to mutation of Hoil-1,
but did so at the cost of increased systemic inflammation (Bois-
son et al., 2012; MacDuff et al., 2015). Studies presented here
combined with prior findings support the “virus plus host
gene” concept that significant physiologic consequences
develop when chronic virus infection intersects with host genetic
susceptibility (Cadwell et al., 2008, 2010; Kernbauer et al., 2014;
Virgin, 2014).

EXPERIMENTAL PROCEDURES

Mice

Atg5™ Atgs”-LysMcre, and Atg5”-CD19cre mice were generated as
described previously in an enhanced barrier facility (Miller et al., 2008; Zhao
et al., 2008). Atg1611"-LysMcre (Hwang et al., 2012), Atg7™"-LysMcre (DeSelm
et al., 2011), Atg14™-LysMcre (Choi et al., 2014), Atg3”-LysMcre (Choi et al.,
2014), beclin 1"-LysMcre (Sanjuan et al., 2007), and Fip200"-LysMcre (Gan
et al., 2006) were generated in the same way as Atg5™”-LysMcre. p62~/~
(Komatsu et al., 2007) and Atg4b ™/~ (Marifio et al., 2010) mice were described
elsewhere. All mice used for experimental procedures were 8-10 weeks of age
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Figure 7. IFN-y Neutralization Rescues MHV68 Reactivation in PECs
from Atg5™"-LysMcre Mice

IFN-v was neutralized with 250 pg/mouse i.p. every 7 days during the course of
MHV68 infection for 28 days in Atg5”" and Atg5”-LysMcre, and virus
reactivation in PECs was measured ex vivo in the presence of anti-IFN-y
antibody. Data were combined from three biological experiments with
3-5 mice pooled per experiment and represented with the mean + SEM.

and sex-matched littermates. Unless specified, all mice were infected with
1 x 10° PFU MHV68 intraperitoneally (i.p). All mice were housed and bred at
Washington University in St. Louis in specific pathogen-free conditions in
accordance with federal and university guidelines, and protocols were
approved by the Animal Studies Committee of Washington University under
protocol number 20140244,

LDA and LD-PCR

LDAs to measure the frequency of MHVE8 ex vivo reactivation were performed
as previously described (Tibbetts et al., 2002, 2003; Weck et al., 1996). Briefly,
spleens and PECs were harvested and pooled from 3-5 latently infected mice
per group. Serial dilutions of splenocytes or PECs were plated on a monolayer
of MEFs, and cytopathic effect was used to assess the presence of virus after
3 weeks ex vivo. Applying the Poisson distribution, the horizontal line at 63.2%
measures the frequency at which one reactivation event is likely to occur per
well. To assess the presence of preformed infectious virus in cells, cells
were mechanically disrupted with 0.5-mm silica beads on the mini Bead-
beater-8 (Biospec). To determine the frequency of cells containing MHV68
genome, a single-copy sensitivity nested PCR in limiting dilutions (LD-PCR)
for MHV68 gene ORF72/v-cyclin was performed using PECs from latently in-
fected mice. Cells were serially diluted in a solution containing uninfected
NIH 3T12 cells to maintain a total number of 10* cells per PCR reaction. Sam-
ples were digested overnight with proteinase K, and two rounds of PCR were
performed using six dilutions per sample with 12 reactions per dilution. Single
copies of a plasmid containing ORF72 were used as positive controls. Prod-
ucts were visualized on a 1.5% agarose gel. Data points for LDA and LD-
PCR represent the mean and the standard error of the mean for at least
three replicate experiments, using 3-5 mice pooled per experiment. Using
GraphPad Prism, a sigmoidal dose curve with a nonvariable slope was applied
to data points. Frequencies of reactivation or viral genome-carrying cells were
obtained by calculating the cell density at which 63.2% of the wells were pos-
itive based on the Poisson distribution. A paired t test was applied over all
dilutions.

Cytokine Measurements by ELISA or Multiplex Cytokine Arrays

Sera from naive or infected mice were collected by cardiac puncture. Cyto-
kines from sera were measured using a multiplex array (eBioscience) on a Bio-
plex 200 (Bio-Rad). IFN-y (BioLegend, 430803), IL-12p70 (BD Biosciences,
555256), and IL-18 (eBiosciences, BMS618) from supernatants of latently in-
fected PECs were measured by a sandwich ELISA after plating for 24 hr on
MEF monolayers.

Depletion of IFN-v, NK, and T Cells In Vivo

For depletion of IFN-v, clone H22 was used at 250 ng/mouse, injected i.p. every
7 days. Control hamster IgG (PIP) was used for control groups. PECs were iso-
lated in the presence of 10 pg/ml antibody and plated in the presence of these
antibodies for evaluation of reactivation. NK cells were depleted with anti-NK1.1
(clone PK136) at 200 pg/mouse injected i.p. every 5 days beginning at 2 days
prior to infection and continued until sacrifice. Mouse anti-rabbit isotype control
was used for control groups. Reactivation was measured in the presence of
10 pg/ml antibody. To deplete T cells, CD4 (clone YTS 101.5) or CD8 (clone
H35 17.2) depleting antibodies were injected 500 pg/mouse i.p. every other
day (Chachu et al., 2008), 2 days before sacrifice. Isotype-matched control
(SFR-DR5, 1gG2b) was administered to control groups. Additional experimental
procedures are available in the Supplemental Information.

ACCESSION NUMBERS

RNA-seq data are available at the European Nucleotide Archive: PRUEB10074.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.chom.2015.12.010.

AUTHOR CONTRIBUTIONS

HW.V, S.P.,D.R.G.,, B.L., and T.A.R. conceived experiments. S.P. and H.W.V.
wrote the manuscript. All authors reviewed the manuscript. S.P. performed all
experiments. M.N.A., M.D.B., C.D., E.L., and X.Z. performed specific experi-
ments. M.L.F., T.S., S.A,, J.-L.G., J.M,, Y.-W.H., and M.A.B. provided re-
agents. B.L.,, D.R.G., S.A.H.,, M.N.A., and H.W.V. provided expertise and
feedback.

ACKNOWLEDGMENTS

We acknowledge Darren Kreamalmeyer for mouse colony management,
Christine Yokoyama and Megan Baldridge for editing the manuscript, Kathy
Sheehan for providing anti-IFN-y antibody, and Wayne Yokoyama for
providing anti-NK1.1. Experimental support was provided by a core funded
by NIH P30AR048335. H.W.V. and B.L. were supported by NIH award
U19AI109725. M.D.B. was supported by NSF Graduate Research Fellowship
DGE-1143954. T.A.R. was supported by a Damon Runyon Postdoctoral
Fellowship.

Received: July 28, 2015
Revised: November 6, 2015
Accepted: December 18, 2015
Published: January 13, 2016

REFERENCES

Abdel Fattah, E., Bhattacharya, A., Herron, A., Safdar, Z., and Eissa, N.T.
(2015). Critical role for IL-18 in spontaneous lung inflammation caused by auto-
phagy deficiency. J. Immunol. 194, 5407-5416.

Alirezaei, M., Flynn, C.T., Wood, M.R., and Whitton, J.L. (2012). Pancreatic
acinar cell-specific autophagy disruption reduces coxsackievirus replication
and pathogenesis in vivo. Cell Host Microbe 77, 298-305.

Barton, E.S., White, D.W., Cathelyn, J.S., Brett-McClellan, K.A., Engle, M.,
Diamond, M.S., Miller, V.L., and Virgin, H.W., 4th (2007). Herpesvirus latency
confers symbiotic protection from bacterial infection. Nature 447, 326-329.
Barton, E., Mandal, P., and Speck, S.H. (2011). Pathogenesis and host control
of gammabherpesviruses: lessons from the mouse. Annu. Rev. Immunol. 29,
351-397.

Bestebroer, J., V’kovski, P., Mauthe, M., and Reggiori, F. (2013). Hidden
behind autophagy: the unconventional roles of ATG proteins. Traffic 14,
1029-1041.

98 Cell Host & Microbe 19, 91-101, January 13, 2016 ©2016 Elsevier Inc.


http://dx.doi.org/10.1016/j.chom.2015.12.010
http://dx.doi.org/10.1016/j.chom.2015.12.010
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref1
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref1
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref1
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref2
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref2
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref2
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref3
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref3
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref3
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref4
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref4
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref4
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref5
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref5
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref5

Boisson, B., Laplantine, E., Prando, C., Giliani, S., Israelsson, E., Xu, Z.,
Abhyankar, A., Israél, L., Trevejo-Nunez, G., Bogunovic, D., et al. (2012).
Immunodeficiency, autoinflammation and amylopectinosis in humans with in-
herited HOIL-1 and LUBAC deficiency. Nat. Immunol. 713, 1178-1186.

Braaten, D.C., Sparks-Thissen, R.L., Kreher, S., Speck, S.H., and Virgin, H.W.
(2005). An optimized CD8+ T-cell response controls productive and latent
gammaherpesvirus infection. J. Virol. 79, 2573-2583.

Cadwell, K., Liu, J.Y., Brown, S.L., Miyoshi, H., Loh, J., Lennerz, J.K., Kishi, C.,
Kc, W., Carrero, J.A., Hunt, S., et al. (2008). A key role for autophagy and the
autophagy gene Atg1611 in mouse and human intestinal Paneth cells. Nature
456, 259-263.

Cadwell, K., Patel, K.K., Maloney, N.S., Liu, T.C., Ng, A.C., Storer, C.E., Head,
R.D., Xavier, R., Stappenbeck, T.S., and Virgin, H.W. (2010). Virus-plus-sus-
ceptibility gene interaction determines Crohn’s disease gene Atg16L1 pheno-
types in intestine. Cell 1471, 1135-1145.

Cesarman, E., Chang, Y., Moore, P.S., Said, J.W., and Knowles, D.M. (1995).
Kaposi’'s sarcoma-associated herpesvirus-like DNA sequences in AIDS-
related body-cavity-based lymphomas. N. Engl. J. Med. 332, 1186-1191.

Chachu, K.A., LoBue, A.D., Strong, D.W., Baric, R.S., and Virgin, H.W. (2008).
Immune mechanisms responsible for vaccination against and clearance of
mucosal and lymphatic norovirus infection. PLoS Pathog. 4, e1000236.

Chang, Y., Cesarman, E., Pessin, M.S., Lee, F., Culpepper, J., Knowles, D.M.,
and Moore, P.S. (1994). |dentification of herpesvirus-like DNA sequences in
AIDS-associated Kaposi’s sarcoma. Science 266, 1865-1869.

Choi, J., Park, S., Biering, S.B., Selleck, E., Liu, C.Y., Zhang, X., Fujita, N.,
Saitoh, T., Akira, S., Yoshimori, T., et al. (2014). The parasitophorous vacuole
membrane of Toxoplasma gondii is targeted for disruption by ubiquitin-like
conjugation systems of autophagy. Immunity 40, 924-935.

Clausen, B.E., Burkhardt, C., Reith, W., Renkawitz, R., and Fdrster, I. (1999).
Conditional gene targeting in macrophages and granulocytes using LysMcre
mice. Transgenic Res. 8, 265-277.

Conway, K.L., Kuballa, P., Khor, B., Zhang, M., Shi, H.N., Virgin, H.W., and
Xavier, R.J. (2013). ATG5 regulates plasma cell differentiation. Autophagy 9,
528-537.

Deretic, V., Kimura, T., Timmins, G., Moseley, P., Chauhan, S., and Mandell, M.
(2015). Immunologic manifestations of autophagy. J. Clin. Invest. 125, 75-84.

DeSelm, C.J., Miller, B.C., Zou, W., Beatty, W.L., van Meel, E., Takahata, Y.,
Klumperman, J., Tooze, S.A., Teitelbaum, S.L., and Virgin, H.W. (2011).
Autophagy proteins regulate the secretory component of osteoclastic bone
resorption. Dev. Cell 27, 966-974.

Diao, J., Liu, R., Rong, Y., Zhao, M., Zhang, J., Lai, Y., Zhou, Q., Wilz, L.M., Li,
J., Vivona, S., et al. (2015). ATG14 promotes membrane tethering and fusion of
autophagosomes to endolysosomes. Nature 520, 563-566.

Dreux, M., Gastaminza, P., Wieland, S.F., and Chisari, F.V. (2009). The auto-
phagy machinery is required to initiate hepatitis C virus replication. Proc.
Natl. Acad. Sci. USA 106, 14046-14051.

Dupont, N., Jiang, S., Pilli, M., Ornatowski, W., Bhattacharya, D., and Deretic,
V. (2011). Autophagy-based unconventional secretory pathway for extracel-
lular delivery of IL-18. EMBO J. 30, 4701-4711.

Dutia, B.M., Clarke, C.J., Allen, D.J., and Nash, A.A. (1997). Pathological
changes in the spleens of gamma interferon receptor-deficient mice infected
with murine gammaherpesvirus: a role for CD8 T cells. J. Virol. 71, 4278-4283.

E, X., Hwang, S., Oh, S., Lee, J.S., Jeong, J.H., Gwack, Y., Kowalik, T.F., Sun,
R., Jung, J.U., and Liang, C. (2009). Viral Bcl-2-mediated evasion of autophagy
aids chronic infection of gammaherpesvirus 68. PLoS Pathog. 5, €1000609.

Flafo, E., Husain, S.M., Sample, J.T., Woodland, D.L., and Blackman, M.A.
(2000). Latent murine gamma-herpesvirus infection is established in activated
B cells, dendritic cells, and macrophages. J. Immunol. 165, 1074-1081.

Freeman, M.L., Burkum, C.E., Lanzer, K.G., Jensen, M.K., Ahmed, M., Yager,
E.J., Flafo, E., Winslow, G.M., Woodland, D.L., and Blackman, M.A. (2011).
Cutting edge: activation of virus-specific CD4 T cells throughout y-herpesvirus
latency. J. Immunol. 187, 6180-6184.

Gan, B., Peng, X., Nagy, T., Alcaraz, A., Gu, H., and Guan, J.L. (2006). Role of
FIP200 in cardiac and liver development and its regulation of TNFalpha and
TSC-mTOR signaling pathways. J. Cell Biol. 175, 121-133.

Gangappa, S., van Dyk, L.F., Jewett, T.J., Speck, S.H., and Virgin, H.W., 4th
(2002). Identification of the in vivo role of a viral bcl-2. J. Exp. Med. 195,
931-940.

Goodwin, M.M., Canny, S., Steed, A., and Virgin, H.W. (2010). Murine gamma-
herpesvirus 68 has evolved gamma interferon and stat1-repressible promoters
for the lytic switch gene 50. J. Virol. 84, 3711-3717.

Heaton, N.S., Perera, R., Berger, K.L., Khadka, S., Lacount, D.J., Kuhn, R.J.,
and Randall, G. (2010). Dengue virus nonstructural protein 3 redistributes fatty
acid synthase to sites of viral replication and increases cellular fatty acid syn-
thesis. Proc. Natl. Acad. Sci. USA 107, 17345-17350.

Henault, J., Martinez, J., Riggs, J.M., Tian, J., Mehta, P., Clarke, L., Sasai, M.,
Latz, E., Brinkmann, M.M., Iwasaki, A., et al. (2012). Noncanonical autophagy
is required for type | interferon secretion in response to DNA-immune com-
plexes. Immunity 37, 986-997.

Huang, J., Canadien, V., Lam, G.Y., Steinberg, B.E., Dinauer, M.C.,
Magalhaes, M.A., Glogauer, M., Grinstein, S., and Brumell, J.H. (2009).
Activation of antibacterial autophagy by NADPH oxidases. Proc. Natl. Acad.
Sci. USA 106, 6226-6231.

Hwang, S., Wu, T.T., Tong, L.M., Kim, K.S., Martinez-Guzman, D., Colantonio,
A.D., Uittenbogaart, C.H., and Sun, R. (2008). Persistent gammaherpesvirus
replication and dynamic interaction with the host in vivo. J. Virol. 82, 12498-
12509.

Hwang, S., Maloney, N.S., Bruinsma, M.W., Goel, G., Duan, E., Zhang, L.,
Shrestha, B., Diamond, M.S., Dani, A., Sosnovtsev, S.V., et al. (2012).
Nondegradative role of Atg5-Atg12/ Atg16L1 autophagy protein complex in
antiviral activity of interferon gamma. Cell Host Microbe 77, 397-409.

Itakura, E., Kishi-ltakura, C., and Mizushima, N. (2012). The hairpin-type tail-
anchored SNARE syntaxin 17 targets to autophagosomes for fusion with en-
dosomes/lysosomes. Cell 157, 1256-1269.

Jakubzick, C., Bogunovic, M., Bonito, A.J., Kuan, E.L., Merad, M., and
Randolph, G.J. (2008). Lymph-migrating, tissue-derived dendritic cells are mi-
nor constituents within steady-state lymph nodes. J. Exp. Med. 205, 2839-
2850.

Kanayama, M., He, Y.W., and Shinohara, M.L. (2015). The lung is protected
from spontaneous inflammation by autophagy in myeloid cells. J. Immunol.
194, 5465-5471.

Kernbauer, E., Ding, Y., and Cadwell, K. (2014). An enteric viral infection can
functionally replace the beneficial cues provided by commensal bacteria.
Nature 516, 94-98.

Komatsu, M., Waguri, S., Koike, M., Sou, Y.S., Ueno, T., Hara, T., Mizushima,
N., lwata, J., Ezaki, J., Murata, S., et al. (2007). Homeostatic levels of p62 con-
trol cytoplasmic inclusion body formation in autophagy-deficient mice. Cell
131, 1149-1163.

Lee, D.Y., and Sugden, B. (2008). The latent membrane protein 1 oncogene
modifies B-cell physiology by regulating autophagy. Oncogene 27, 2833-
2842.

Lee, J.S., Li, Q., Lee, J.Y., Lee, S.H., Jeong, J.H., Lee, H.R., Chang, H., Zhou,
F.C., Gao, S.J., Liang, C., and Jung, J.U. (2009). FLIP-mediated autophagy
regulation in cell death control. Nat. Cell Biol. 77, 1355-1362.

Leidal, A.M., Cyr, D.P., Hill, R.J., Lee, P.W., and McCormick, C. (2012).
Subversion of autophagy by Kaposi’s sarcoma-associated herpesvirus
impairs oncogene-induced senescence. Cell Host Microbe 77, 167-180.
Levine, B., Mizushima, N., and Virgin, H.W. (2011). Autophagy in immunity and
inflammation. Nature 469, 323-335.

Liang, Q., Chang, B., Brulois, K.F., Castro, K., Min, C.K., Rodgers, M.A., Shi,
M., Ge, J., Feng, P., Oh, B.H., and Jung, J.U. (2013). Kaposi’'s sarcoma-asso-
ciated herpesvirus K7 modulates Rubicon-mediated inhibition of autophago-
some maturation. J. Virol. 87, 12499-12503.

Loh, J., Huang, Q., Petros, A.M., Nettesheim, D., van Dyk, L.F., Labrada, L.,
Speck, S.H., Levine, B., Olejniczak, E.T., and Virgin, H.W., 4th (2005). A surface

Cell Host & Microbe 19, 91-101, January 13, 2016 ©2016 Elsevier Inc. 99


http://refhub.elsevier.com/S1931-3128(15)00502-8/sref6
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref6
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref6
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref6
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref7
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref7
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref7
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref8
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref8
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref8
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref8
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref9
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref9
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref9
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref9
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref10
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref10
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref10
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref11
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref11
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref11
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref12
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref12
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref12
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref13
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref13
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref13
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref13
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref14
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref14
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref14
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref15
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref15
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref15
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref16
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref16
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref17
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref17
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref17
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref17
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref18
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref18
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref18
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref19
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref19
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref19
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref20
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref20
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref20
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref21
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref21
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref21
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref22
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref22
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref22
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref23
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref23
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref23
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref24
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref24
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref24
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref24
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref25
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref25
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref25
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref26
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref26
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref26
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref27
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref27
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref27
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref28
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref28
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref28
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref28
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref29
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref29
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref29
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref29
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref30
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref30
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref30
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref30
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref31
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref31
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref31
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref31
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref32
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref32
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref32
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref32
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref33
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref33
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref33
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref34
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref34
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref34
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref34
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref35
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref35
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref35
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref36
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref36
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref36
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref37
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref37
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref37
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref37
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref38
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref38
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref38
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref39
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref39
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref39
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref40
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref40
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref40
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref41
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref41
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref42
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref42
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref42
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref42
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref43
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref43

groove essential for viral Bcl-2 function during chronic infection in vivo. PLoS
Pathog. 7, e10.

Loh, J., Popkin, D.L., Droit, L., Braaten, D.C., Zhao, G., Zhang, X,
Vachharajani, P., Myers, N., Hansen, T.H., and Virgin, H.W. (2012). Specific
mutation of a gammaherpesvirus-expressed antigen in response to CD8
T cell selection in vivo. J. Virol. 86, 2887-2893.

Lu, Q., Yokoyama, C.C., Williams, J.W., Baldridge, M.T., Jin, X., DesRochers,
B., Bricker, T., Wilen, C.B., Bagaitkar, J., Loginicheva, E., et al. (2016).
Homeostatic Control of Innate Lung Inflammation by Vici Syndrome Gene
Epg5 and Additional Autophagy Genes Promotes Influenza Pathogenesis.
Cell Host Microbe 19, this issue, 102-113.

Lupfer, C., Thomas, P.G., Anand, P.K., Vogel, P., Milasta, S., Martinez, J.,
Huang, G., Green, M., Kundu, M., Chi, H., et al. (2013). Receptor interacting
protein kinase 2-mediated mitophagy regulates inflammasome activation dur-
ing virus infection. Nat. Immunol. 74, 480-488.

MacDuff, D.A., Reese, T.A., Kimmey, J.M., Weiss, L.A., Song, C., Zhang, X.,
Kambal, A., Duan, E., Carrero, J.A., Boisson, B., et al. (2015). Phenotypic
complementation of genetic immunodeficiency by chronic herpesvirus infec-
tion. eLife 4, 4.

Marifo, G., Fernandez, A.F., Cabrera, S., Lundberg, Y.W., Cabanillas, R.,
Rodriguez, F., Salvador-Montoliu, N., Vega, J.A., Germana, A., Fueyo, A.,
et al. (2010). Autophagy is essential for mouse sense of balance. J. Clin.
Invest. 120, 2331-2344.

Martinez, J., Aimendinger, J., Oberst, A., Ness, R., Dillon, C.P., Fitzgerald, P.,
Hengartner, M.O., and Green, D.R. (2011). Microtubule-associated protein 1
light chain 3 alpha (LC3)-associated phagocytosis is required for the efficient
clearance of dead cells. Proc. Natl. Acad. Sci. USA 108, 17396-17401.

Martinez, J., Malireddi, R.K., Lu, Q., Cunha, L.D., Pelletier, S., Gingras, S.,
Orchard, R., Guan, J.L., Tan, H., Peng, J., et al. (2015). Molecular characteriza-
tion of LC3-associated phagocytosis reveals distinct roles for Rubicon, NOX2
and autophagy proteins. Nat. Cell Biol. 77, 893-906.

Miller, B.C., Zhao, Z., Stephenson, L.M., Cadwell, K., Pua, H.H., Lee, H.K,,
Mizushima, N.N., Iwasaki, A., He, Y.W., Swat, W., and Virgin, H.W., 4th
(2008). The autophagy gene ATG5 plays an essential role in B lymphocyte
development. Autophagy 4, 309-314.

Nador, R.G., Cesarman, E., Chadburn, A., Dawson, D.B., Ansari, M.Q., Sald,
J., and Knowles, D.M. (1996). Primary effusion lymphoma: a distinct clinico-
pathologic entity associated with the Kaposi’s sarcoma-associated herpes vi-
rus. Blood 88, 645-656.

Nair, U., Jotwani, A., Geng, J., Gammoh, N., Richerson, D., Yen, W.L., Griffith,
J., Nag, S., Wang, K., Moss, T, et al. (2011). SNARE proteins are required for
macroautophagy. Cell 746, 290-302.

Nakahira, K., Haspel, J.A., Rathinam, V.A., Lee, S.J., Dolinay, T., Lam, H.C.,
Englert, J.A., Rabinovitch, M., Cernadas, M., Kim, H.P., et al. (2011).
Autophagy proteins regulate innate immune responses by inhibiting the
release of mitochondrial DNA mediated by the NALP3 inflammasome. Nat.
Immunol. 72, 222-230.

Orvedahl, A., Alexander, D., Talléczy, Z., Sun, Q., Wei, Y., Zhang, W., Burns,
D., Leib, D.A., and Levine, B. (2007). HSV-1 ICP34.5 confers neurovirulence
by targeting the Beclin 1 autophagy protein. Cell Host Microbe 7, 23-35.

Orvedahl, A., MacPherson, S., Sumpter, R., Jr., Talléczy, Z., Zou, Z., and
Levine, B. (2010). Autophagy protects against Sindbis virus infection of the
central nervous system. Cell Host Microbe 7, 115-127.

Osborne, L.C., Monticelli, L.A., Nice, T.J., Sutherland, T.E., Siracusa, M.C.,
Hepworth, M.R., Tomov, V.T., Kobuley, D., Tran, S.V., Bittinger, K., et al.
(2014). Coinfection. Virus-helminth coinfection reveals a microbiota-indepen-
dent mechanism of immunomodulation. Science 345, 578-582.

Pengo, N., Scolari, M., Oliva, L., Milan, E., Mainoldi, F., Raimondi, A., Fagioli,
C., Merlini, A., Mariani, E., Pasqualetto, E., et al. (2013). Plasma cells require
autophagy for sustainable immunoglobulin production. Nat. Immunol. 74,
298-305.

Reese, T.A., Wakeman, B.S., Choi, H.S., Hufford, M.M., Huang, S.C., Zhang,
X., Buck, M.D., Jezewski, A., Kambal, A., Liu, C.Y., et al. (2014). Helminth infec-

tion reactivates latent y-herpesvirus via cytokine competition at a viral pro-
moter. Science 345, 573-577.

Reggiori, F., Monastyrska, I., Verheije, M.H., Cali, T., Ulasli, M., Bianchi, S.,
Bernasconi, R., de Haan, C.A., and Molinari, M. (2010). Coronaviruses Hijack
the LC3-I-positive EDEMosomes, ER-derived vesicles exporting short-lived
ERAD regulators, for replication. Cell Host Microbe 7, 500-508.

Rozman, S., Yousefi, S., Oberson, K., Kaufmann, T., Benarafa, C., and Simon,
H.U. (2015). The generation of neutrophils in the bone marrow is controlled by
autophagy. Cell Death Differ. 22, 445-456.

Saitoh, T., Fujita, N., Jang, M.H., Uematsu, S., Yang, B.G., Satoh, T., Omori, H.,
Noda, T., Yamamoto, N., Komatsu, M., et al. (2008). Loss of the autophagy
protein Atg16L1 enhances endotoxin-induced IL-1beta production. Nature
456, 264-268.

Sanjuan, M.A., Dillon, C.P., Tait, S.W., Moshiach, S., Dorsey, F., Connell, S.,
Komatsu, M., Tanaka, K., Cleveland, J.L., Withoff, S., and Green, D.R.
(2007). Toll-like receptor signalling in macrophages links the autophagy
pathway to phagocytosis. Nature 450, 1253-1257.

Sarawar, S.R., Cardin, R.D., Brooks, J.W., Mehrpooya, M., Hamilton-Easton,
A.M., Mo, X.Y., and Doherty, P.C. (1997). Gamma interferon is not essential
for recovery from acute infection with murine gammaherpesvirus 68. J. Virol.
71,3916-3921.

Shi, C.S., Shenderov, K., Huang, N.N., Kabat, J., Abu-Asab, M., Fitzgerald,
K.A., Sher, A., and Kehrl, J.H. (2012). Activation of autophagy by inflammatory
signals limits IL-1f production by targeting ubiquitinated inflammasomes for
destruction. Nat. Immunol. 73, 255-263.

Speck, S.H., and Ganem, D. (2010). Viral latency and its regulation: lessons
from the gamma-herpesviruses. Cell Host Microbe 8, 100-115.

Steed, A.L., Barton, E.S., Tibbetts, S.A., Popkin, D.L., Lutzke, M.L., Rochford,
R., and Virgin, H.W., 4th (2006). Gamma interferon blocks gammaherpesvirus
reactivation from latency. J. Virol. 80, 192-200.

Steed, A., Buch, T., Waisman, A., and Virgin, H.W., 4th (2007). Gamma inter-
feron blocks gammaherpesvirus reactivation from latency in a cell type-spe-
cific manner. J. Virol. 87, 6134-6140.

Stelekati, E., Shin, H., Doering, T.A., Dolfi, D.V., Ziegler, C.G., Beiting, D.P.,
Dawson, L., Liboon, J., Wolski, D., Ali, M.A., et al. (2014). Bystander chronic
infection negatively impacts development of CD8(+) T cell memory.
Immunity 40, 801-813.

Takahashi, M.N., Jackson, W., Laird, D.T., Culp, T.D., Grose, C., Haynes, J.I.,
2nd, and Benetti, L. (2009). Varicella-zoster virus infection induces autophagy
in both cultured cells and human skin vesicles. J. Virol. 83, 5466-5476.

Tarakanova, V.L., Suarez, F., Tibbetts, S.A., Jacoby, M.A., Weck, K.E., Hess,
J.L., Speck, S.H., and Virgin, H.W., 4th (2005). Murine gammaherpesvirus 68
infection is associated with lymphoproliferative disease and lymphoma in
BALB beta2 microglobulin-deficient mice. J. Virol. 79, 14668-14679.

Tarakanova, V.L., Kreisel, F., White, D.W., and Virgin, H.W., 4th (2008). Murine
gammaherpesvirus 68 genes both induce and suppress lymphoproliferative
disease. J. Virol. 82, 1034-1039.

Taylor, M.P., and Kirkegaard, K. (2008). Potential subversion of autophagoso-
mal pathway by picornaviruses. Autophagy 4, 286-289.

Tibbetts, S.A., van Dyk, L.F., Speck, S.H., and Virgin, H.W., 4th (2002). Immune
control of the number and reactivation phenotype of cells latently infected with
a gammabherpesvirus. J. Virol. 76, 7125-7132.

Tibbetts, S.A., Loh, J., Van Berkel, V., McClellan, J.S., Jacoby, M.A., Kapadia,
S.B., Speck, S.H., and Virgin, H.W., 4th (2003). Establishment and mainte-
nance of gammaherpesvirus latency are independent of infective dose and
route of infection. J. Virol. 77, 7696-7701.

Virgin, H.W. (2014). The virome in mammalian physiology and disease. Cell
157, 142-150.

Virgin, H.W., Wherry, E.J., and Ahmed, R. (2009). Redefining chronic viral
infection. Cell 738, 30-50.

Weck, K.E., Barkon, M.L., Yoo, L.I., Speck, S.H., and Virgin HW, 1.V. (1996).
Mature B cells are required for acute splenic infection, but not for establish-
ment of latency, by murine gammaherpesvirus 68. J. Virol. 70, 6775-6780.

100 Cell Host & Microbe 19, 91-101, January 13, 2016 ©2016 Elsevier Inc.


http://refhub.elsevier.com/S1931-3128(15)00502-8/sref43
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref43
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref44
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref44
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref44
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref44
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref45
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref45
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref45
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref45
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref45
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref46
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref46
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref46
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref46
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref47
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref47
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref47
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref47
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref48
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref48
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref48
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref48
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref49
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref49
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref49
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref49
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref50
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref50
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref50
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref50
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref51
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref51
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref51
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref51
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref52
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref52
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref52
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref52
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref53
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref53
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref53
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref54
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref54
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref54
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref54
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref54
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref55
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref55
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref55
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref56
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref56
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref56
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref57
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref57
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref57
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref57
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref58
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref58
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref58
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref58
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref59
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref59
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref59
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref59
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref60
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref60
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref60
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref60
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref61
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref61
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref61
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref61
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref62
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref62
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref62
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref62
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref63
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref63
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref63
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref63
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref64
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref64
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref64
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref64
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref65
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref65
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref65
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref65
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref66
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref66
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref67
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref67
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref67
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref68
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref68
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref68
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref69
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref69
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref69
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref69
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref70
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref70
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref70
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref71
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref71
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref71
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref71
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref72
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref72
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref72
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref73
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref73
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref74
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref74
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref74
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref75
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref75
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref75
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref75
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref76
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref76
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref77
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref77
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref78
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref78
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref78

Weck, K.E., Dal Canto, A.J., Gould, J.D., O’Guin, A.K., Roth, K.A., Saffitz, J.E.,
Speck, S.H., and Virgin, H.W. (1997). Murine gamma-herpesvirus 68 causes
severe large-vessel arteritis in mice lacking interferon-gamma responsive-
ness: a new model for virus-induced vascular disease. Nat. Med. 3, 1346-
1353.

Weck, K.E., Kim, S.S., Virgin HW, |.V., and Speck, S.H. (1999a). B cells regulate
murine gammaherpesvirus 68 latency. J. Virol. 73, 4651-4661.

Weck, K.E., Kim, S.S., Virgin HW, I.V., and Speck, S.H. (1999b). Macrophages
are the major reservoir of latent murine gammaherpesvirus 68 in peritoneal
cells. J. Virol. 73, 3273-3283.

Weidberg, H., Shvets, E., Shpilka, T., Shimron, F., Shinder, V., and Elazar, Z.
(2010). LC3 and GATE-16/GABARAP subfamilies are both essential yet act
differently in autophagosome biogenesis. EMBO J. 29, 1792-1802.

Weidberg, H., Shpilka, T., Shvets, E., Abada, A., Shimron, F., and Elazar, Z.
(2011). LC3 and GATE-16 N termini mediate membrane fusion processes
required for autophagosome biogenesis. Dev. Cell 20, 444-454.

Yordy, B., lijima, N., Huttner, A., Leib, D., and Iwasaki, A. (2012). A neuron-spe-
cific role for autophagy in antiviral defense against herpes simplex virus. Cell
Host Microbe 72, 334-345.

Young, L.S., Finerty, S., Brooks, L., Scullion, F., Rickinson, A.B., and Morgan,
A.J. (1989). Epstein-Barr virus gene expression in malignant lymphomas
induced by experimental virus infection of cottontop tamarins. J. Virol. 63,
1967-1974.

Zhao, Z., Fux, B., Goodwin, M., Dunay, |.R., Strong, D., Miller, B.C., Cadwell,
K., Delgado, M.A., Ponpuak, M., Green, K.G., et al. (2008). Autophagosome-
independent essential function for the autophagy protein Atg5 in cellular
immunity to intracellular pathogens. Cell Host Microbe 4, 458-469.

Cell Host & Microbe 19, 91-101, January 13, 2016 ©2016 Elsevier Inc. 101


http://refhub.elsevier.com/S1931-3128(15)00502-8/sref79
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref79
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref79
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref79
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref79
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref80
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref80
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref81
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref81
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref81
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref82
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref82
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref82
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref83
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref83
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref83
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref84
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref84
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref84
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref85
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref85
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref85
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref85
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref86
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref86
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref86
http://refhub.elsevier.com/S1931-3128(15)00502-8/sref86

