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ABSTRACT Macrophages are one of the first innate immune infiltrates in the cornea
of mice following ocular infection with herpes simplex virus 1 (HSV-1). Using gamma
interferon (IFN-g) and interleukin-4 (IL-4) injections to polarize macrophages into M1 and
M2, respectively, and in M1 and M2 conditional knockout mice, we have shown that
M1 macrophages play an important role in suppressing both virus replication in the eye
and eye disease in HSV-1-infected mice. Autophagy is also important in controlling HSV
infection and integrity of infected cells. To determine if blocking autophagy in M1 and
M2 macrophages affects HSV-1 infectivity and eye disease, we generated two transgenic
mouse strains expressing the HSV-1 g34.5 autophagy gene under the M1 promoter
(M1-g34.5) or the M2 promoter (M2-g34.5). We found that blocking autophagy in M1
macrophages increased both virus replication in the eyes and eye disease in comparison
to blocking autophagy in M2 macrophages or wild-type (WT) control mice, but blocked
autophagy did not affect latency-reactivation. However, blocking autophagy affected
fertility in both M1 and M2 transgenic mice. Analysis of 62 autophagy genes and 32
cytokines/chemokines from infected bone marrow-derived macrophages from M1-g34.5,
M2-g34.5, and WT mice suggested that upregulation of autophagy-blocking genes (i.e.,
Hif1a, Mtmr14, mTOR, Mtmr3, Stk11, and ULK2) and the inflammatory tumor necrosis
factor alpha (TNF-a) gene in M1-g34.5 transgenic mice correlated with increased patho-
genicity, while upregulation of proautophagy genes (Nrbf2 and Rb1cc1) in M2-g34.5
macrophages correlated with reduced pathogenicity. The in vivo and in vitro responses
of M1-g34.5 and M2-g34.5 transgenic mice to HSV-1 infection were independent of the
presence of the g34.5 gene in wild-type HSV-1. Our results suggest that M1 macro-
phages, but not M2 macrophages, play an important role in autophagy relative to pri-
mary virus replication in the eye and eye disease in infected mice.

IMPORTANCE Autophagy plays a critical role in clearing, disassembling, and recy-
cling damaged cells, thus limiting inflammation. The HSV-1 g34.5 gene is involved in
neurovirulence and immune evasion by blocking autophagy in infected cells. We
found that blocking autophagy in M1 macrophages enhances HSV-1 virus replication
in the eye and eye disease in ocularly infected transgenic mice. Our results also
show the suppressive effects of g34.5 on immune responses to infection, suggesting
the importance of intact autophagy in M1 but not M2 macrophages in controlling
primary infection and eye disease.
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Although protecting corneal transparency from infection is fundamental to safe-
guarding vision, herpes simplex virus 1 (HSV-1) infection remains the primary con-

tributing factor to viral eye infections and virus-induced blindness in the United States
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(1, 2). Cellular infiltrates detected in the corneas of mice ocularly infected with HSV-1
have been implicated in this disease process (3–9). Specifically, a combination of innate
and adaptive immune responses, including neutrophils (10), macrophages (11), dendri-
tic cells (12), NKT cells (13), and T cells (14, 15), is associated with HSV-1-induced eye
disease. Macrophages are widely distributed throughout the body (16, 17) and play
key roles in the immune defense system, including central roles in innate and natural
immunity (18–21). Macrophage infiltrates appear to play different roles in the disease
process depending on the milieu, including abundance and characteristics of the vari-
ous infiltrates, infection dose, and mouse model (strain of mouse, strain of virus, and
whether infection is conducted with or without corneal scarification) (7, 22–24).
Macrophages are mononuclear phagocytes that are important for tissue homeostasis
and resolution of inflammation and have a crucial role in eliciting potent antiviral
immune responses (25, 26). We have shown previously that macrophages form an early
and predominant infiltrate in the corneas of mice ocularly infected with HSV-1 (22).

One of the most important characteristics of macrophages is their plasticity and associ-
ated adaptive heterogeneity. As different macrophage subsets are likely to mediate dis-
tinct biological sequelae (27, 28), it is important to understand the regulatory mechanisms
that control differentiation of macrophage subsets and their relative abundance. In the
previously suggested M1/M2 macrophage polarization paradigm (29), M1 (classically acti-
vated) macrophages produce significant amounts of proinflammatory cytokines after
gamma interferon (IFN-g) induction (27, 28), while M2 (alternatively activated) macro-
phages are induced by exposure to interleukin-4 (IL-4), IL-13, IL-10, or glucocorticoids and
produce low levels of proinflammatory cytokines and increased levels of anti-inflammatory
cytokines (28, 30). In the specific context of ocular HSV-1 infection in mice, we reported
previously that injection of mice with macrophage colony-stimulating factor (M-CSF)
pushes macrophages toward an M2 response, whereas injection of mice with IFN-g enhan-
ces an M1 response (31). We have found that enhancing the M2 macrophage subpopula-
tion by injecting colony-stimulating factor 1 (CSF-1) or infecting with a recombinant HSV-1
expressing IL-4 (HSV-IL-4) reduced virus replication in the eye and eye disease. In contrast,
activation of the M1 subpopulation by injection of IFN-g or infection with a recombinant
HSV-1 expressing IFN-g (HSV-IFN-g) was proinflammatory and exacerbated eye disease (31,
32). To evaluate the role of M1 and M2 macrophages in controlling HSV-1 infection in vivo,
we used M1 and M2 conditional knockout mice. Our results demonstrated that a proper
balance between M1 and M2 macrophages must be maintained to achieve an effective
immune response against ocular HSV-1 infection (33) and that M1 macrophages are crucial
elements of innate immunity to control viral replication in the eye of infected mice and
resulting eye disease (34).

The HSV-1 ICP34.5 gene, also known as g34.5, is a neurovirulence gene that targets
several pathways to counteract the host IFN response, and viruses that lack the g34.5
gene are avirulent in vivo (35–40). Pathogens, including HSV-1, can inhibit autophagy,
thereby preventing the destruction of infected cells (41, 42). The ability of HSV-1 to
block autophagy is controlled by the g34.5 gene, which encodes ICP34.5 protein that
binds beclin-1 (41–43). Macrophages are one of the most dominant infiltrates in the
eyes after ocular HSV-1 infection (22), yet the role of autophagy in the context of func-
tional M1 and M2 activities is unknown. To determine what role, if any, blocking
autophagy in M1 and M2 macrophages may play in HSV-1 infectivity in vitro and in
vivo, we constructed two transgenic mouse lines that specifically express the HSV-1
autophagy gene g34.5 in M1 and M2 macrophages. These transgenic mice were used
to investigate the effects of blocking autophagy on M1 and M2 macrophage function
in vitro and in vivo. Here, we report for the first time that (i) blocking autophagy in M1
but not M2 macrophages increased virus replication in the eye and eye disease in ocu-
larly infected mice, while blocking autophagy in M1 or M2 macrophages had no effect
on latency-reactivation, and (ii) the presence of the g34.5 gene in M1-g34.5 transgenic
mice but not in M2-g34.5 transgenic mice correlated with upregulation of the
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antiautophagy genes Hif1a, Mtmr14, mTOR, Mtmr3, Stk11, and ULK2 as well as the
inflammatory cytokine tumor necrosis factor alpha (TNF-a).

RESULTS
Construction and validation of M1-c34.5 and M2-c34.5 transgenic mice. We

have made two transgenic mouse lines expressing the HSV-1 antiautophagy g34.5
gene under the control of the M1 (nitric oxide synthase 2 [NOS2]) or M2 (ARG1) pro-
moters. To generate M1-g34.5 transgenic mice, the full-length g34.5 gene coding
sequence with three FLAG tag sequences before the stop codon followed by the inter-
nal ribosome entry site (IRES) sequence was commercially synthesized and inserted
into pGL2-NOS2 (44, 45), in correct orientation (Fig. 1, left panel). To generate M2-
g34.5 transgenic mice, the full-length g34.5 gene coding sequence (described above)
was inserted into pGL3-mARG1 (46) (Fig. 1, right panel). M1-g34.5 and M2-g34.5 trans-
genic mice were both created using a standard DNA microinjection procedure. DNA
from tail, cornea, trigeminal ganglion (TG), brain, spleen, and liver of M1-g34.5 and M2-
g34.5 transgenic mice was isolated, and total DNA from these tissues was analyzed by
PCR using IRES primers as described in Materials and Methods. The presence of a 428-
bp IRES DNA in the tail, cornea, TG, brain, spleen, and liver of M1-g34.5 and M2-g34.5
transgenic mice was confirmed by TaqMan PCR (Fig. 2). Tissues isolated from both
transgenic mouse groups expressed the 428-bp IRES DNA (Fig. 2). To verify the expres-
sion of insertedg34.5 mRNA in tail, cornea, TG, brain, spleen, and liver of M1-g34.5 and
M2-g34.5 mice, total RNA was extracted from each tissue and quantitative real-time
PCR (qRT-PCR) was used to detectg34.5 mRNA expression in each tissue. Expression of
g34.5 mRNA was detected in tail, cornea, TG, brain, spleen, and liver of M1-g34.5 trans-
genic mice but was not statistically different among these tissues (Fig. 3A; P . 0.05 in
all tissues), whereas in M2-g34.5 transgenic mice, the expression of g34.5 mRNA was
similar in tail, cornea, TG, brain, and spleen but was significantly higher in liver
(P , 0.05) (Fig. 3B), confirming that both transgenic mouse lines express the g34.5
gene in these tissues.

We next asked if M1 macrophages from M1-g34.5 transgenic mice have higher lev-
els of g34.5 gene expression than those from M2-g34.5 transgenic mice. Bone marrow

FIG 1 Construction of transgenic mice. Transgenic M1-g34.5 and M2-g34.5 mice were constructed by inserting the HSV-1 g34.5 gene into the BglII site of
the pGL2-NOS2 expression vector containing the mouse nitric oxide synthase (NOS2) promoter and the XhoI site of the mouse arginase 1 (ARG1) promoter
from pGL3-mARG1. Abbreviations: ORF, open reading frame; SV40, simian virus 40; EBV, Epstein-Barr virus; NLS, nuclear localization signal.
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(BM)-derived macrophages isolated from M1-g34.5 mice and M2-g34.5 mice were pre-
pared as described in Materials and Methods. Macrophages from both groups of trans-
genic mice were harvested on day 6 posttreatment and polarized in vitro for 24 h with
no stimulation to generate M0, IL-4 stimulation to generate M2, or IFN-g stimulation to

FIG 2 Detection of IRES in different M1 and M2 transgenic mouse tissues. Total DNA was isolated
from tail, cornea, trigeminal ganglion (TG), brain, spleen, and liver of transgenic M1-g34.5 and
M2-g34.5 mice, and quantitative PCR (qPCR) was performed using IRES primers.

FIG 3 Detection of g34.5 mRNA in isolated transgenic mouse tissues. Tail, cornea, trigeminal ganglion
(TG), brain, spleen, and liver from M1-g34.5 and M2-g34.5 mice were harvested, total RNA was
isolated, qRT-PCR was performed on isolated RNA, and the g34.5 gene copy number was determined.
(A) g34.5 copy number in M1-g34.5 mice; (B) g34.5 copy number in M2-g34.5 mice. Each bar
represents the mean 6 standard error of the mean (SEM) from two independent experiments (n = 6).
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generate M1 macrophages. Total RNA was isolated, and g34.5 gene expression under
the control of the NOS2 (M1) or ARG1 (M2) promoter was measured by qRT-PCR. As
expected, without activation (M0) the level of g34.5 gene expression was low and was
similar between the two groups of transgenic mice (Fig. 4, M0, P = 0.9). Expression of
the g34.5 gene in M1 macrophages from M1-g34.5 transgenic mice was significantly
higher than in M1 macrophages from M2-g34.5 transgenic mice (Fig. 4, M1, P , 0.001).
Conversely, g34.5 gene expression in M2 macrophages from M2-g34.5 transgenic mice
was significantly higher than in M2 macrophages from M1-g34.5 transgenic mice
(Fig. 4, M2, P , 0.001). These results demonstrate the specificity of g34.5 expression
under the control of the NOS2 or ARG1 promoter.

Expression of cytokines/chemokines in WT, M1-c34.5, and M2-c34.5 mice. BM-
derived macrophages from wild-type (WT), M1-g34.5, and M2-g34.5 mice were generated
and infected with 10 PFU/cell of HSV-1 strain McKrae. Infected cells were cultured for 24 h,
and culture medium was collected from each well to measure cytokine and chemokine
expression using a Luminex bead-based multiplex cytokine profiling assay as we described
previously (31). Significant differences in proinflammatory cytokine expression were
observed among WT, M1-g34.5, and M2-g34.5 mice (Table 1). IL-6 expression was signifi-
cantly higher in M2-g34.5 macrophages than in M1-g34.5 or WT macrophages (P = 0.05
and P = 0.03, respectively). In contrast, IL-17 expression was significantly lower in M2-g34.5
macrophages than in WT macrophages (P = 0.01) but did not differ significantly from that
in M1-g34.5 macrophages (P . 0.05). IL-6 and IL-17 are widely recognized for their proin-
flammatory nature (47). LIX expression, involved in NF-kB activation and proinflammatory
pathways (48), was significantly higher in M2-g34.5 macrophages than in WT macrophages
(P = 0.04) but did not differ significantly from that in M1-g34.5 macrophages (P . 0.05).
Monocyte chemoattractant protein 1 (MCP-1) expression was significantly higher in WT
macrophages than in M1-g34.5 or M2-g34.5 macrophages (P = 0.02 for both groups). We
also saw significantly higher vascular endothelial growth factor (VEGF) expression in
M1-g34.5 and M2-g34.5 macrophages than in WT macrophages (P = 0.02). Finally, TNF-a
expression in M1-g34.5 macrophages was significantly higher than in M2-g34.5 and WT
macrophages (P = 0.04). However, expression of granulocyte colony-stimulating factor

FIG 4 Validation of macrophage phenotype of transgenic mice in vitro. BM-derived macrophages from
M1-g34.5 mice and M2-g34.5 mice were generated and differentiated into M1 and M2 macrophages as
described in Materials and Methods. Cells were then harvested, total RNA was isolated, and TaqMan
RT-PCR was performed using g34.5-specific primers. Expression of g34.5 mRNA was normalized to that of
GAPDH RNA. Each bar represents the mean 6 SEM from two independent experiments (n = 6).
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(G-CSF), eotaxin, granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN-g, IL-1a,
IL-1b , IL-2, IL-4, IL-3, IL-5, IL-7, IL-9, IL-10, IL-12(p40), IL-12(p70), leukemia inhibitory factor
(LIF), IL-15, interferon-inducible protein 10 (IP-10), KC, macrophage inflammatory protein 1a
(MIP-1a), MIP-1b , M-CSF, MIP-2, MIG, and RANTES did not differ among the mouse groups.
These results suggest that (i) theg34.5 gene in M2-g34.5 mice reversed the anti-inflamma-
tory effects of M2 macrophages and may promote proinflammatory M1 macrophages as
reported previously (49), (ii) theg34.5 gene significantly enhanced the overall inflammatory
cytokine secretion cascade by macrophages regardless of M1 or M2 macrophages, and (iii)
theg34.5 gene in WT HSV-1 McKrae has a suppressive effect on the majority of tested cyto-
kines and chemokines. Overall, these results suggest that the absence of autophagy enhan-
ces the expression of crucial proinflammatory cytokines and chemokines secreted by
macrophages.

NanoString analysis of autophagy genes expressed in infected BM-derived
macrophages. BM-derived macrophages from WT, M1-g34.5, and M2-g34.5 mice were
generated and infected with 10 PFU/cell of HSV-1 strain McKrae for 24 h as described
above. Twenty-four hours postinfection (p.i.), total RNA from infected macrophages
was isolated and analyzed for 62 autophagy genes using NanoString. Gene expression
levels in WT, M1-g34.5, and M2-g34.5 infected macrophages were normalized to those

TABLE 1 Cytokine/chemokine expression in BM-derived macrophages fromWT and
transgenic mice infected with WT McKrae virusa

Cytokine/chemokine

Level (pg/mL) in infected macrophages:

P valuebM1-g34.5 M2-g34.5 WT
G-CSF 4.96 0.8 2.86 0.4 2.76 0.5 .0.05
Eotaxin 0.76 0.4 0.26 0.0 0.26 0.0 .0.05
GM-CSF 6.26 3.0 6.36 3.0 3.36 0.07 .0.05
IFN-g 2.06 0.20 2.66 0.5 1.56 0.2 .0.05
IL-1a 9.96 0.9 10.16 1.7 7.26 0.9 .0.05
IL-1b 2.06 0.4 2.16 0.1 2.46 0.1 .0.05
IL-2 1.36 0.0 1.36 0.0 1.36 0.0 .0.05
IL-4 0.76 0.1 0.76 0.1 0.76 0.1 .0.05
IL-3 0.86 0.1 0.86 0.1 0.86 0.1 .0.05
IL-5 4.56 0.6 4.46 0.2 5.56 0.4 .0.05
IL-6 1,851.36 163.3 2,742.76 219.2 1,700.36 195.2 1
IL-7 0.66 0.1 0.66 0.2 0.66 0.1 .0.05
IL-9 33.46 4.7 58.36 6.1 58.36 6.1 .0.05
IL-10 6.06 0.5 5.76 0.1 4.46 0.7 .0.05
IL-12(p40) 0.76 0.2 1.96 0.4 1.26 0.5 .0.05
IL-12(p70) 0.86 0.2 1.06 0.3 0.86 0.1 .0.05
LIF 0.46 0.2 0.46 0.2 0.36 0.1 .0.05
LIX 182.96 25.9 230.06 18.8 123.66 18.9 11
IL-15 4.36 1.2 7.56 1.2 7.26 2.7 .0.05
IL-17 26.96 1.8 19.96 1.5 30.76 1.6 1
IP-10 13,725.36 1,357.7 22,988.36 1,607.6 14,730.76 3,254.4 .0.05
KC 584.66 69.1 565.86 60.4 412.46 56.9 .0.05
MCP-1 9,549.36 1,059.4 9,494.76 859.0 14,393.76 619.3 111
MIP-1a 1,072.96 56.1 658.46 105.6 2,510.36 263.2 111
MIP-1b 3.26 0.0 3.26 0.0 3.26 0.0 .0.05
M-CSF 6.56 0.5 6.06 0.9 5.96 0.6 .0.05
MIP-2 4,550.36 817.8 5,212.06 790.2 2,502.06 346.5 .0.05
MIG 14,409.06 500 15,187.06 0.0 15,187.06 0.0 .0.05
RANTES 400.06 0.0 400.06 0.0 400.06 0.0 .0.05
VEGF 6.96 0.4 6.06 0.9 3.46 0.2 11
TNF-a 1,417.26 332.3 779.16 176.7 334.16 33.1 111
aCytokine and chemokine levels in culture media of BM-derived macrophages from M1-g 34.5 and M2-g 34.5
transgenic mice and WT mice were analyzed using mouse 32-plex panels. Experimental procedures are detailed
in Materials and Methods. Briefly, cells were infected with 10 PFU/cell of WT McKrae virus for 1 h at 37°C,
washed with PBS, and incubated for an additional 24 h in fresh medium. Results indicate mean6 SEM (n = 3).

bSymbols:1, significant differences between WT and M2-g 34.5 group (P, 0.05);11, significant differences
between WT and M1-g34.5 group (P, 0.05);111, significant differences among all three mouse groups
(P, 0.05).
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TABLE 2 Expression of autophagy genes in BM-derived infected macrophages from
transgenic and WT micea

Gene

Fold change (mean± SEM)

M1-g34.5 M2-g34.5 WT
Akt1e P. 0.05 P. 0.05 P. 0.05
Akt2 P. 0.05 P. 0.05 2.226 0.54*f

Akt3e P. 0.05 P. 0.05 P. 0.05
Atg10e P. 0.05 P. 0.05 P. 0.05
Atg101e P. 0.05 P. 0.05 P. 0.05
Atg12d 1.266 0.01 1.486 0.03 1.516 0.04
Atg13d 1.706 0.10 1.766 0.03 2.116 0.14
Atg3d 1.646 0.06 1.576 0.02 1.376 0.05
Atg4ad 1.186 0.07 1.316 0.02 1.26 0.05
Atg4bd 1.586 0.11 1.456 0.05 1.416 0.09
Atg5e P. 0.05 P. 0.05 P. 0.05
Atg7e P. 0.05 P. 0.05 P. 0.05
Atg9a 1.886 0.17* 1.596 0.06* P. 0.05
Badd 1.506 0.11 1.646 0.09 1.706 0.14
BclIIe P. 0.05 P. 0.05 P. 0.05
Bcl2l1d 1.816 0.07 1.636 0.08 1.576 0.03
Becn1d 1.236 0.03 1.556 0.05 1.406 0.01
Bnip3b 22.326 0.09 21.566 0.10 24.726 1.9
Cflarc 7.226 0.37 5.316 0.38 4.066 0.26
Ctsdd 21.896 0.01 21.686 0.04 21.666 0.03
Ctsle P. 0.05 P. 0.05 2.066 0.38*
Ddit4e P. 0.05 P. 0.05 P. 0.05
Eif2ak3d 21.326 0.15 21.506 0.09 21.506 0.09
Ern1d 1.566 0.05 1.666 0.11 1.556 0.12
Hif1a 2.726 0.44* P. 0.05 P. 0.05
Hmgb1 21.526 0.07 22.666 0.6 22.956 0.67
Hrasd 1.346 0.07 1.366 0.04 1.386 0.05
Krasd 1.856 0.23 1.926 0.19 2.206 0.14
Lamp1d 1.076 0.02 1.516 0.03 1.286 0.02
Lamp2d 1.396 0.04 1.756 0.03 1.696 0.06
Map2k1d 1.916 0.1 1.856 0.09 1.636 0.09
Map2k2d 2.016 0.16 1.606 0.17 1.586 0.14
Map3k7e P. 0.05 P. 0.05 P. 0.05
Mapk1e P. 0.05 P. 0.05 P. 0.05
Mapk3d 21.316 0.05 21.386 0.14 21.266 0.06
Mapk8e P. 0.05 P. 0.05 P. 0.05
Mapk9d 1.726 0.03 1.896 0.06 1.536 0.04
Mtmr14 1.656 0.09* P. 0.05 P. 0.05
Mtmr3 1.376 0.08* P. 0.05 P. 0.05
mTOR 1.396 0.18* P. 0.05 P. 0.05
Nrase P. 0.05 P. 0.05 P. 0.05
Nrbf2 P. 0.05 1.296 0.12* P. 0.05
Pik3c3e P. 0.05 P. 0.05 P. 0.05
Pik3cae P. 0.05 P. 0.05 P. 0.05
Pik3cbe P. 0.05 P. 0.05 P. 0.05
Pik3cd P. 0.05 P. 0.05 4.006 1.13*
Pik3r2e P. 0.05 P. 0.05 P. 0.05
Pik3r3e P. 0.05 P. 0.05 P. 0.05
Pik3r4e P. 0.05 P. 0.05 P. 0.05
Prkcd 1.446 0.05* 1.376 0.09* P. 0.05
Prkcqe P. 0.05 P. 0.05 P. 0.05
Ptene P. 0.05 P. 0.05 P. 0.05
Raf1d 1.846 0.08 1.766 0.14 1.596 0.13
Rb1cc1 P. 0.05 1.206 0.05* P. 0.05
Rps6kb1d 1.306 0.11 1.436 0.03 1.386 0.04
Rras2 P. 0.05 P. 0.05 22.636 0.51*
Stk11 1.256 0.08* P. 0.05 P. 0.05
Traf6d 2.176 0.06 1.946 0.27 1.876 0.21
Tsc2e P. 0.05 P. 0.05 P. 0.05
Ulk1e P. 0.05 P. 0.05 P. 0.05

(Continued on next page)
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in mock-infected macrophages (Table 2). Comparison of macrophages from M1-g34.5
and M2-g34.5 mice with those from WT mice identified 10 genes whose expression dif-
fered significantly between WT and M1-g34.5 macrophages (Akt2, Atg12, Atg13, Atg3,
Bcl2l1, Becn1, Lamp2, Mapk9, Pik3cd, and Ulk2), six genes whose expression differed
significantly between WT and M2-g34.5 macrophages (Atg13, Atg3, Becn1, Bnip3, Cflar,
and Prkcd), and seven genes whose expression differed significantly between M1-
g34.5 and M2-g34.5 macrophages (Atg12, Bnip3, Cflar, Ctsd, Hif1a, Mapk9, and Rb1cc1)
(Table 2). Expression of Cflar, which is known to downregulate autophagy by inhibiting
caspase 8 expression, was significantly higher in all three macrophage groups than in
mock-infected macrophages (50), suggesting that autophagy is inhibited in macro-
phages from WT, M1-g34.5, and M2-g34.5 mice with the maximum effect in M1-g34.5
mice. Upregulation of Cflar expression in macrophages from M1-g34.5 and M2-g34.5
transgenic mice is likely associated with internal expression ofg34.5 as well as its pres-
ence in the virus, while the elevation of Cflar expression in WT macrophages is prob-
ably associated with viral infection.

Based on their expression in the three macrophage groups, the 62 autophagy
genes were divided into six subsets: (i) significant common genes among all three
groups, (ii) uniquely expressed genes in WT macrophages, (iii) uniquely expressed
genes in macrophages from M1-g34.5 mice, (iv) uniquely expressed genes in macro-
phages from M2-g34.5 mice, (v) partially common genes expressed among two of the
three groups, and (vi) nonsignificant autophagy genes expressed in all three groups
with respect to mock groups (Fig. 5 and Table 2). These results identified uniquely
expressed anti-inflammatory/repairing genes, e.g., Nrbf2 and Rb1cc1 (3% of 62 autoph-
agy genes), in M2-g34.5 mice and uniquely expressed proinflammatory genes, e.g.,
Hif1a, Mtmr14, mTOR, Stk11, Mtmr3, and Ulk2 (10% of 62 autophagy genes), in M1-
g34.5 mice. WT mice expressed Akt2, Ctsl, Pik3cd, and Rras2 genes (6% of the 62
autophagy genes). Only 5% of the genes were expressed in either of two groups,
namely, Atg9a, Prkcd, and Wipi1, whereas the majority of autophagy genes (40%) were
commonly expressed among all three mouse strains. However, 36% of the 62 genes
were grouped as nonsignificant autophagy genes among HSV-1-infected macrophages
(Fig. 5). Overall, our data suggest that the g34.5 gene inhibits autophagy more effi-
ciently in M1 macrophages than in M2 macrophages after HSV-1 infection.

Following NanoString analysis of autophagy genes, BM-derived macrophages from
WT, M1-g34.5, and M2-g34.5 mice were further analyzed for apoptosis, autoimmune,
and myeloid gene panels of over 1,200 genes to detect any abnormality or toxic effects
due to constitutive expression of the g34.5 gene. Our data revealed that apoptosis

TABLE 2 (Continued)

Gene

Fold change (mean± SEM)

M1-g34.5 M2-g34.5 WT
Ulk2 21.526 0.11* P. 0.05 P. 0.05
Wipi1 21.686 0.13* 22.266 0.83* P. 0.05
aBM-derived macrophages from M1-g 34.5 and M2-g 34.5 transgenic mice and WT mice were infected with 10 PFU/
cell of WT McKrae virus for 1 h at 37°C, washed with PBS, and incubated for an additional 24 h in fresh medium.
Expression of 62 autophagy genes in infected cells was analyzed by NanoString, and the level of each gene was
normalized to its level in mock-infected BM-derived macrophages. Results are shown as fold increase or decrease
relative to mock-infected gene expression. Results indicate mean6 SEM (n = 3).

bFor Bnip3 gene expression, there were no differences between the WT and M1-g 34.5 groups (P. 0.05), while
differences between WT and M2-g 34.5 groups and among WT, M1-g34.5, and M2-g 34.5 were statistically
significant (P, 0.05).

cFor Cflar gene expression, the three groups of infected macrophages were statistically significantly different from
each other (P, 0.05).
dThe three groups of infected macrophages were not significantly different from each other (P. 0.05), but they
were significantly different from their mock-infected counterparts (P, 0.05).

eM1-g 34.5, M2-g 34.5, and WT macrophages were not significantly different from each other or their mock-
infected counterparts for AKT1, AKT3, AKT10, Atg101, Atg5, Atg7, BclII, Ddit4, Map3k7, Mapk1, Pik3c3, Pik3ca,
Pik3cb, Pik3r2, Pik3r3, Pik3r4, Prkcq, Pten, Tsc2, and Ulk1 genes (P. 0.05).
fEach gene indicated by an asterisk among the three groups of macrophages was similar to one another and
significantly different from their counterparts without the asterisk.
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gene markers were similar in all three groups of mice, suggesting that constitutive
expression of theg34.5 gene had no effect on cell death and did not cause any toxicity
in M1-g34.5 or M2-g34.5 transgenic mice (see Table S1 in the supplemental material).

Blocking autophagy in M1 macrophages increases virus replication in ocularly
infected mice. Our results described above (Fig. 1 to 4) have shown that M1-g34.5
transgenic mice express g34.5 at higher levels in M1 macrophages than in M2 macro-
phages, while M2-g34.5 transgenic mice express g34.5 at higher levels in M2 macro-
phages than in M1 macrophages. We have previously shown that M1 macrophages
play a more important role against ocular HSV-1 infection than do M2 macrophages
(31–34). To determine how blocking autophagy in M1 or M2 macrophages affects ocu-
lar HSV-1 infection, we infected WT, M1-g34.5, and M2-g34.5 mice with 2 � 105 PFU/
eye of WT HSV-1 strain McKrae. Tear films from the eyes of infected mice were col-
lected on days 1 to 7 postinfection (p.i.), and viral titers were determined by plaque
assay. Among the three infected mouse groups, M1-g34.5 mice had higher viral
titers on days 4 and 5 p.i. that were statistically different from the other two groups
(Fig. 6; P , 0.05), and we did not find significant differences between M2-g34.5
mice and WT mice (Fig. 6; P . 0.05). Virus replication in the eyes of M1-g34.5 mice
was approximately 2-fold higher than that in M2-g34.5 mice and WT mice. This is in
line with our previous studies (11, 12, 24). Thus, blocking autophagy in M1-g34.5
mice appears to correlate with increased virus replication in the eyes of ocularly
infected mice. These results confirm our previous finding that mice lacking M1 mac-
rophages had more virus replication in their eyes than mice lacking M2 macro-
phages (33, 34).

Blocking autophagy in M1 macrophages increases CS in ocularly infected mice.
Corneal scarring (CS) in surviving WT, M1-g34.5, and M2-g34.5 mice on day 28 p.i. was
monitored, and lesion severity was scored as described in Materials and Methods. The
three groups of infected mice showed similar levels of survival (data not shown). However,

FIG 5 Analysis of expression of 62 autophagy genes in macrophages isolated from transgenic mice.
BM cells from WT, M1-g34.5, and M2-g34.5 mice were isolated, and macrophages were generated
and infected with 10 PFU/cell of HSV-1 strain McKrae. Total RNA was isolated from infected
macrophages and used for NanoString analysis of 62 autophagy genes. The autophagy panel of 62
genes is illustrated in a pie chart showing the autophagy genes commonly expressed in WT, M1-
g34.5, and M2-g34.5 groups (significant common genes), uniquely expressed in M1-g34.5 macro-
phages, M2-g34.5 macrophages, or WT macrophages, or commonly expressed in 2 of 3 groups and
autophagy genes whose expression did not differ significantly from mock (nonsignificant genes).
Gene expression analysis is based on three replications.
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similar to our virus replication data above (Fig. 6), blocking autophagy in M1-g34.5 mice
was associated with significantly higher levels of eye disease in M1-g34.5 mice than in
M2-g34.5 mice (Fig. 7; P , 0.01) or WT mice (Fig. 7; P , 0.05). No significant differences in
eye disease were detected between M2-g34.5 mice and WT mice (Fig. 7; P . 0.05). These
results are consistent with our previous study in which mice lacking M1 macrophages
were shown to be more susceptible to virulent HSV-1 strain McKrae, leading to more eye
disease in infected mice (34). Thus, the absence of M1 macrophages (34) and blocking
autophagy in M1 macrophages both suggest that M1 macrophages play an indispensable

FIG 6 Virus replication in the eye of infected transgenic mice. WT (solid square), M1-g34.5 (open
circle), and M2-g34.5 (solid circle) mice were ocularly infected with 2 � 105 PFU/eye of McKrae virus.
Tear films were collected on days 1 to 7 p.i., and virus titers were determined by standard plaque
assay as described in Materials and Methods. Each point represents the mean virus titer 6 SEM for 20
eyes per group.

FIG 7 Corneal scarring (CS) in ocularly infected mice. CS on day 28 p.i. was determined in surviving
mice as described in Materials and Methods. CS scores represent the mean 6 SEM from 20 eyes for
each group.
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role in controlling virus replication and eye disease in ocularly infected mice.
Blocking autophagy in macrophages did not alter latency-reactivation in ocu-

larly infected mice. To determine how blocking autophagy mediated by the g34.5
gene affects latency, groups of 10 WT, M1-g34.5, and M2-g34.5 mice were ocularly
infected with 2 � 105 PFU/eye of HSV-1 strain McKrae. TGs from latently infected mice
were harvested on day 28 p.i., and latency levels were determined by qRT-PCR of HSV-
1 latency-associated transcript (LAT) expression as described in Materials and Methods.
LAT expression did not change in any of the infected mouse groups (Fig. 8A; P . 0.05),
suggesting that blocking autophagy by theg34.5 gene did not affect latency establish-
ment in M1 or M2 groups compared with the WT group.

We asked next whether blocking autophagy by the g34.5 gene influences the time to
reactivation in transgenic and WT mice. Groups of 10 WT, M1-g34.5, and M2-g34.5 mice
were ocularly infected with 2 � 105 PFU/eye of HSV-1 strain McKrae as described above.
Virus reactivation was analyzed by explanting individual TGs from latently infected mice on
day 28 p.i. Consistent with latency levels, time of reactivation did not change among the
three infected mouse groups (Fig. 8B; P . 0.05). Thus, these results support our previously
published studies suggesting that altered macrophage function does not affect latency-
reactivation (33, 34). Taken together, these results and our previous studies with M1 and
M2 macrophages suggest that the effect of M1 and M2 macrophage subtype on HSV-1
infection is associated with virus replication and eye disease but not latency-reactivation.

DISCUSSION

Autophagy is a critically important intracellular process by which damaged organ-
elles are cleared, disassembled, and recycled (50–52). There is increasing evidence that
autophagy is an adaptive response to infection and plays an important role in limiting
inflammation. Defects in autophagy result in an inability to recycle damaged organ-
elles and are also associated with impaired apoptosis and defective clearance of dying
cells (51), which can activate the immune system, leading to development of immune-
mediated disorders and pathology. Thus, autophagy is crucial for self-maintenance
and appropriate regulation of innate and adaptive immune responses. In our previous
studies, we demonstrated that macrophages play a critical role in HSV-1 infection (7,
11, 22, 31, 33, 34) and form the dominant cell infiltrates in infected corneas (22). In
addition to being a significant part of the innate immune system, macrophages are
also involved in maintaining homeostasis, in clearing cellular debris, and in tissue
repair and remodeling (53–55). Macrophages are broadly classified as M1 and M2
depending on their polarization effects (27, 28, 30). Due to the importance of macro-
phages in ocular HSV-1 infection and the importance of autophagy in clearing dying
cells, we investigated the effect of blocking autophagy in M1 and M2 macrophages.
Since the HSV-1g34.5 gene blocks autophagy in infected cells (41–43), we constructed
two transgenic mouse lines expressing the HSV-1 g34.5 gene under the control of the
M1 (NOS2) (44, 45) or M2 (ARG1) promoter (46). Both M1-g34.5 and M2-g34.5 trans-
genic mice were created using a standard DNA microinjection procedure, and we veri-
fied the specificity ofg34.5 expression under the M1 or M2 promoter.

Following ocular infection of M1-g34.5 and M2-g34.5 transgenic mice and WT con-
trol mice with HSV-1, M1-g34.5 transgenic mice exhibited higher levels of virus replica-
tion in the eyes and more severe eye disease than did M2-g34.5 transgenic mice or WT
control mice. M1-g34.5 transgenic mice in particular did not display any other abnor-
mality or side effect of g34.5 insertion other than higher levels of eye disease and
higher viral titers in the eye than those in M2-g34.5 transgenic mice or WT control
mice. Similar to our study, infection of mice with a recombinant HSV-1 lacking the
beclin-binding domain (BBD) of the g34.5 gene was shown to increase the autophagy
response and induce a more rapid innate immune response that was associated with
increased virus replication and retinal damage (56). Similar to this study with M1-g34.5
transgenic mice, the absence of autophagy in dendritic cells also enhanced eye disease
in` infected mice (57). Furthermore, deletion of multiple autophagy genes in macrophages
led to uveitis due to uncontrolled inflammasome activation (58). These results are
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FIG 8 Latency and explant reactivation in TG of latently infected mice. (A) LAT expression in
trigeminal ganglion (TG) of infected mice. Latency levels in TG were analyzed by harvesting TG from
latently infected WT, M1-g34.5, and M2-g34.5 mice on day 28 p.i. and performing qRT-PCR on
individual TGs from each mouse. In each experiment, estimated relative LAT copy number was
calculated using standard curves generated from pGEM-5317. Briefly, pGEM-5317 DNA, serially diluted
10-fold such that 5 mL contained from 103 to 1011 copies of LAT, was subjected to TaqMan PCR with
the same set of LAT primers. Copy number for each reaction was determined by comparing the
normalized threshold cycle of each sample to the threshold cycle of the standard. GAPDH
expression was used to normalize relative LAT RNA expression in the TG. Twenty TGs were analyzed
per mouse group. (B) Explant reactivation in TG of latently infected mice. TGs from latently infected
WT, M1-g34.5, and M2-g34.5 mice were individually isolated on day 28 p.i. Each individual TG was
incubated in 1.5 mL of tissue culture medium at 37°C. Medium aliquots were removed from each
culture daily for up to 5 days and plated on indicator RS cells to assess the appearance of
reactivated virus. Results are plotted as the number of TGs that reactivated daily. The average time
that TGs from each group first showed cytopathic effect 6 SEM is shown. Reactivation is based on
20 TGs from 10 mice per group.
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consistent with our recent report showing the important role of M1 macrophages in pro-
tecting against ocular HSV-1 infection (34). We recently showed that M1 macrophages are
the main players in controlling viral replication, and in the absence of M1 macrophages,
enhanced viral replication led to increased eye disease (34). Similar to this study, in which
blocking autophagy in M2 macrophages did not affect virus replication in the eyes or eye
disease, with levels of both similar to those in control mice, we have also shown that mice
lacking M2 macrophages behave similarly to WT control mice (33). M1-g34.5 transgenic
mice have an enhanced ability to block autophagy, leading to increased virus replication
in the eyes of these mice, which is consistent with previous work showing that autophagy
provides antiviral functions (59). Autophagy also functions as an antiviral against other
viruses (60–62) and plays an important role in maintaining healthy reproductive mecha-
nisms in both male and female mice (63, 64). As in previous studies (63, 64), we found that
blocking autophagy by g34.5 affected fertility in both transgenic M1-g34.5 and M2-g34.5
mice despite the absence of obvious developmental issues in the pups. However, blocking
autophagy in M1 or M2 macrophages did not affect levels of latency-reactivation com-
pared with WT control mice. This is similar to our previous reports that the absence of M1
or M2 in conditional knockout mice did not affect latency-reactivation compared with WT
control mice (33, 34).

We also evaluated the effect ofg34.5 expression in transgenic mice by quantifying the
expression of autophagic genes and their fundamental function in response to virus infec-
tion. We evaluated expression of 62 autophagy transcripts in vitro after infecting isolated
macrophages from M1-g34.5 transgenic mice, M2-g34.5 transgenic mice, or WT mice with
WT McKrae virus. We found significant upregulation of autophagy-inhibitory genes includ-
ing Hif1a, Mtmr14, mTOR, Stk11, Mtmr3, and Ulk2 in M1-g34.5 transgenic mice but not in
M2-g34.5 transgenic mice, suggesting that expression of g34.5 blocks autophagy in M1
macrophages more efficiently than in M2 macrophages. Hif1a can induce or inhibit
autophagy depending on the nature of the disease (65, 66), and it has an inhibitory role in
macrophage autophagy (67). In inhibiting autophagy, two other genes, Mtmr14 and
Mtmr3, play important roles in dephosphorylating phosphatidylinositol 3-phosphate
(PI3P), which is involved in autophagosome formation (68). Mtmr14 and Mtmr3 are
expressed significantly only in M1-g34.5 mice and not in M2-g34.5 mice, reflecting the in-
hibitory function of theg34.5 gene in M1 macrophages only. Stk11 is also known to inhibit
autophagy but is required for mouse survival and to control infection burden (69). We
found that Stk11 was upregulated in M1-g34.5 mice but not in M2-g34.5 mice. Ulk2 has
not been widely studied but does not yet have a documented direct role in activating
autophagy (70). Nrbf2 and Rb1cc1 genes have anti-inflammatory/repairing functions and
were upregulated in macrophages from M2-g34.5 transgenic mice (71). Rb1cc1 is a com-
ponent of the ULK1-ATG13-RB1CC1/FIP200 complex, which is inhibited by mTOR and is an
essential upstream inducer of autophagy (71, 72). Deletion of the RB1CC1 autophagy in-
ducer leads to age-related degeneration of the retinal pigment epithelium (73). We found
that Rb1cc1 was significantly upregulated in M2-g34.5 mice but not in M1-g34.5 mice,
while at the same time, mTOR was upregulated in M1-g34.5 mice but not in M2-g34.5
mice, demonstrating that mTOR suppresses Rb1cc1 in M1 macrophages but not in M2
macrophages. Along with the Rb1cc1 gene in M2-g34.5 mice, the Nrbf2 gene is also signif-
icantly upregulated but is not expressed in M1-g34.5 mice. Nrbf2 regulates autophagy, is
involved in apoptotic cell clearance, and plays a positive role in regulating autophagy in
macrophages (74, 75). Of the 62 autophagy genes upregulated in M1-g34.5 mice, 10% are
known to inhibit autophagy, while only 3% of autophagy genes upregulated in M2-g34.5
mice are known to inhibit autophagy. This demonstrates a novel ability of theg34.5 gene
to inhibit autophagy in M1 macrophages while upregulating autophagy in M2 macro-
phages. Since the HSV-1 g34.5 gene blocks autophagy (41–43), these results suggest the
importance of intact autophagy in controlling virus replication and eye disease.

Cytokines and chemokines play important roles in protection and disease; thus, we
investigated whether blocking autophagy in macrophages would affect cytokine and
chemokine secretion after infecting macrophages isolated from M1-g34.5 transgenic
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mice, M2-g34.5 transgenic mice, or WT mice with WT McKrae virus. In our in vitro
results using Luminex, we found no significant differences in expression of G-CSF,
eotaxin, GM-CSF, IFN-g, IL-1a, IL-1b , IL-2, IL-4, IL-3, IL-5, IL-7, IL-9, IL-10, IL-12(p40), IL-12
(p70), LIF, IL-15, IP-10, KC, MIP-1a, MIP-1b , M-CSF, MIP-2, MIG, and RANTES among WT,
M1-g34.5, or M2-g34.5 macrophages, while significant differences in IL-6, LIX, IL-17,
MCP-1, VEGF, and TNF-a were detected among the three macrophage types. For
instance, expression of proinflammatory cytokine TNF-a was significantly higher in
M1-g34.5 macrophages than in other groups. The primary source of TNF-a in virally
stimulated cells is macrophages (76, 77), and TNF-a is one of the most important proin-
flammatory cytokines involved in inflammation, apoptosis, and cancer (78). TNF-a
expression is reported to be elevated in activated macrophages following chronic cyto-
megalovirus (CMV) infection and directly correlates with active virus replication (79).
Thus, elevated TNF-a expression in M1-g34.5 transgenic macrophages may be a signifi-
cant contributor to increased virus replication in the eyes and eye disease relative to
WT or M2-g34.5 mice. Consistent with our study, ocular infection of mice with a
recombinant HSV-1 expressing TNF-a has been shown to increase virus replication,
inflammation, and pathology in the eyes of infected mice (80).

In summary, we have presented the results of blocking autophagy in M1 and M2
macrophages on HSV-1 replication in vitro and in vivo. The major findings of this study
demonstrated that (i) inhibiting autophagy directly correlates with higher virus replica-
tion in the eyes of M1-g34.5 mice and enhanced eye disease, (ii) absence of autophagy
may increase the secretion of certain proinflammatory cytokines/chemokines inde-
pendent of macrophage phenotype, and (iii) impaired autophagy function correlates
with poor reproduction and fertility in both male and female mice.

MATERIALS ANDMETHODS
Ethics statement. All animal procedures were performed in strict accordance with the Association

for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision
Research and the Guide for the Care and Use of Laboratory Animals (81). Animal research protocols were
approved by the Institutional Animal Care and Use Committee of Cedars-Sinai Medical Center (protocols
5030 and 8837).

Construction of transgenic mice expressing the HSV-1c34.5 gene under the M1 or M2 pro-
moter. C57BL/6 WT mice (6 to 8 weeks old) were purchased from The Jackson Laboratory (Bar Harbor,
ME, USA). M1-g34.5 transgenic mice were constructed by inserting the full-length g34.5 gene sequence
(GenBank identifier [ID] JX142173.1) (82) with three FLAG tag sequences before the stop codon followed
by an IRES sequence and flanked by two BglII restriction sites added to the 59 and 39 ends of the insert
for cloning purposes. This construct, synthesized by GenScript (Piscataway, NJ), was inserted into the
BglII site of the pGL2-NOS2 mammalian expression vector containing the mouse nitric oxide synthase
promoter sequence (NOS2) (Addgene, Cambridge, MA; plasmid no. 19296) (45) such that g34.5 gene
expression is controlled by the NOS2 promoter (Fig. 1). Similarly, M2-g34.5 transgenic mice were con-
structed using the pGL3-mARG1 mammalian expression vector containing the mouse arginase 1 (ARG1)
promoter (Addgene; plasmid no. 34571) (46). An insert identical to that used to make M1-g34.5 trans-
genic mice was constructed except that two XhoI restriction sites were added to the 59 and 39 ends of
the insert for cloning instead of the BglII sites used above. In this construct,g34.5 gene expression is con-
trolled by the ARG1 promoter (Fig. 1). The Cedars-Sinai Rodent Genetics Core created both the M1-g34.5
and M2-g34.5 transgenic mice using standard DNA microinjection procedures as we described previ-
ously (80). All mice were bred and maintained in the Cedars-Sinai Medical Center pathogen-free animal
facility. Although these mice had reproduction and fertility issues, the homozygous pups appeared
healthy and were of normal size and body weight.

Viruses and cells. Plaque-purified, virulent HSV-1 strain McKrae was used in this study. Rabbit skin
(RS) cells were used to prepare virus stocks, culture mouse tear swabs, and determine viral growth
kinetics. RS cells were grown in Eagle’s minimal essential medium supplemented with 5% fetal bovine
serum as we described previously (83).

Genotyping of transgenic mice by DNA extraction and PCR analysis for the presence of IRES
andc34.5 sequences. To genotype and confirm the presence of IRES andg34.5 genes in transgenic mice, tail,
cornea, TG, brain, spleen, and liver tissue samples from transgenic mice were collected and lysed at 55°C over-
night in 100mL lysis buffer (100 mM Tris-HCl, pH 8.5, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, and 1 mg/mL pro-
teinase K). After dilution of the lysate 1:10 in distilled water, 1 mL was used as a template for PCR analyses
using IRES-specific primers (forward, 59-AATAAGGCCGGTGTGCGTTTG-39, and reverse, 59-TGGGATCTGA
TCTGGGGCCT-39) or g34.5-specific primers (forward, 59-TCGTCGGACGCGGACTCGGGAACGGTGGAGC-39,
and reverse, 59-CTCCACGCCCAACTCGGAACCCGCGGTCAG-39) as we described previously (84). The IRES
primer set has an amplicon length of 428 bp, and the g34.5 primer set has an amplicon length of 138 bp.
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Theg34.5 DNA copy number was calculated using a standard curve generated using pUC57-g34.5 DNA as
we described previously (85).

Generation of BM-derived macrophages. Femoral bones were dissected, and all remaining tissue
on the bones was removed. Each bone end was cut off, and bone marrow (BM) was expelled. BM-
derived macrophages were cultured for 6 days. To differentiate and activate macrophages, 20 ng/mL M-
CSF and GM-CSF (Peprotech, Rocky Hill, NJ; catalog no. 315-02 [M-CSF] and 315-03 [GM-CSF]) were
added along with the cells to be cultured, as described previously (31, 86). On day 3, new medium con-
taining fresh M-CSF and GM-CSF was replenished and cells were returned to the incubator until day 6.
On day 6, medium was removed, and cells were washed three times with phosphate-buffered saline
(PBS) to remove floating cells. Macrophages adhering to tissue culture dishes were harvested by scrap-
ing and counted for experiments.

Confirmation of phenotype of macrophages isolated from transgenic mice. BM-derived macro-
phages were seeded at 2 � 105 cells per well in a 24-well plate. After overnight incubation, medium was
replaced with complete Dulbecco’s modified Eagle’s medium (DMEM) containing either 50 ng/mL of
murine IFN-g (Peprotech, Rocky Hill, NJ) and 100 ng/mL of lipopolysaccharide (LPS; Sigma-Aldrich, St.
Louis, MO) for M1 activation or 10 ng/mL of murine IL-4 (Peprotech) for M2 activation as we described
previously (31, 32). Macrophages were harvested, and cells were counted (Countess cell counting cham-
ber slides; Invitrogen). Cell counts from all three mouse groups were similar with no detectable level of
apoptosis/toxicity in response to constitutive expression of the g34.5 gene. Total RNA was extracted
from monolayers of unpolarized (M0) or M1- or M2-polarized macrophages derived from M1-g34.5 or
M2-g34.5 mice using the RNeasy minikit according to the manufacturer’s protocol (Qiagen, Valencia,
CA). qRT-PCR analyses were performed using g34.5-specific primers, forward, 59-GGGCTGACCCCTCCCA-39,
and reverse, 59-TGCTCCGCGGTGACG-39, and probe, 59-6-carboxyfluorescein (FAM)-CCCCTCGCGCCCCT-39
(amplicon length, 83 bp). Copy number of g34.5 RNA was calculated using a standard curve generated
using pUC57-g34.5 DNA.

Luminex xMAP immunoassay. BM cells isolated from WT, M1-g34.5, and M2-g34.5 mice were cul-
tured and differentiated into macrophages as described above. Differentiated macrophages were
infected with 10 PFU/cell of HSV-1 strain McKrae for 24 h. Medium was collected from infected cells, and
Luminex assays were performed in the Immune Assessment Core at the University of California, Los
Angeles, using mouse 32-plex magnetic cytokine/chemokine kits purchased from EMD Millipore
(Billerica, MA) according to the manufacturer’s instructions as we described previously (34). Fluorescence
was quantified using a Luminex 200 instrument (Luminex Corp., Austin, TX).

Ocular infection. Mice were infected ocularly with 2 � 105 PFU per eye of McKrae virus as an eye-
drop in 2 mL of tissue culture medium as we described previously (87). Corneal scarification was not per-
formed prior to infection with McKrae virus.

Viral titers from tears of infected mice. Tear films were collected on days 1 to 7 p.i. from WT, M1-
g34.5, and M2-g34.5 mouse eyes infected with HSV-1 strain McKrae virus using a Dacron-tipped swab.
Each swab was placed in 1 mL of tissue culture medium and squeezed. The amount of virus was deter-
mined by standard plaque assay on RS cells as described previously (88).

Monitoring corneal scarring in ocularly infected mice. The severity of corneal scarring in WT, M1-
g34.5, and M2-g34.5 mice was examined by slit lamp biomicroscopy on day 28 p.i. The scoring scale was
as follows: 0, normal cornea; 1, mild haze; 2, moderate opacity; 3, severe corneal opacity but iris visible;
4, opaque and corneal ulcer; 5, corneal rupture and necrotizing keratitis, as we described previously (14).

In vitro explant reactivation assay. WT, M1-g34.5, and M2-g34.5 infected mice were sacrificed on
day 28 p.i., and individual TGs were removed and cultured in tissue culture medium as described previ-
ously (85). Medium aliquots were removed from each culture daily and plated on indicator RS cells to
detect reactivated virus. As medium from explanted TG cultures was plated daily, we could determine
the time at which reactivated virus first appeared in the explanted TG cultures.

RNA extraction, cDNA synthesis, and TaqMan qRT-PCR assay. To extract RNA from TGs, tissues
were collected on day 28 p.i., immersed in TRIzol reagent (Applied Biosystems, Foster City, CA), and
stored at 280°C until processing. Total RNA was extracted according to the manufacturer’s protocol.
Following RNA extraction, 1 mg of total RNA was reverse transcribed using the High-Capacity cDNA
reverse transcription kit (Applied Biosystems, CA) according to the manufacturer’s protocol. mRNA
expression levels of the genes of interest were evaluated using TaqMan gene expression assays (Applied
Biosystems, CA). Levels of LAT RNA from latent TGs were determined using custom LAT primers and
probe as follows: forward, 59-GGGTGGGCTCGTGTTACAG-39, and reverse, 59-GGACGGGTAAGTAACA
GAGTCTCTA-39, and probe, 59-FAM-ACACCAGCCCGTTCTTT-39 (amplicon length, 81 bp). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as a loading control in all experiments. Quantitative
real-time PCR (qRT-PCR) was performed as we described previously (85). LAT RNA copy number was cal-
culated using a standard curve generated using pGEM5317-LAT, as we described previously (85).

NanoString gene expression analysis. BM-derived macrophages from WT, M1-g34.5, and M2-g34.5
mice were generated and infected with 10 PFU/cell of HSV-1 strain McKrae for 24 h, at which time total
RNA was purified with RNeasy as we described previously (31). Hybridization was performed using total
RNA (20 ng/mL) per well diluted in 15 mL hybridization cocktail (3 mL reporter CodeSet, 5 mL hybridiza-
tion buffer, 2 mL capture mix, and 5 mL sample). Following hybridization, samples were centrifuged, and
NanoString gene expression analysis was performed using gene panels consisting of probes for 62
autophagy-related genes, 1,209 autoimmune and myeloid panel genes, and 20 internal reference genes
(8 negatives, 6 positives, and 6 housekeeping) for data normalization. NanoString analysis was per-
formed in a thermocycler at 65°C for 20 h. Samples were placed in a 12-well PCR strip and loaded into
the Max/Flex nCounter Prep (NanoString Tech, Seattle, WA) with consumables such as reagent plates
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and a cartridge for the hybridization. The preparation station ran for 3 h, after which the cartridge was
loaded to the digital analyzer (NanoString Tech, Seattle, WA) for imaging analysis. A field of view of 240
was used for the experimental recording. nSolver software 4.0 was used to compute NanoString gene
expression values, principal-component analysis of probe counts, and respective fold changes.

Statistical analysis. For all statistical tests, P values less than or equal to 0.05 were considered statis-
tically significant and are indicated by a single asterisk (*). P values less than or equal to 0.001 are indi-
cated by double asterisks (**). A two-tailed Student t test with unequal variances was used to compare
differences between two experimental groups. A one-way analysis of variance (ANOVA) was used to
compare differences among three or more experimental groups. All experiments were repeated at least
three times to ensure accuracy.
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