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ABSTRACT Macrophages are the predominant infiltrate in the corneas of mice that

have been ocularly infected with herpes simplex virus 1 (HSV-1). However, very little Received 5 April 2017 Accepted 3 May 2017

is known about the relative roles of M1 (classically activated or polarized) and M2 Accepted manuscript posted online 10 May

. . . : . . 2017
(alternatively activated or polarized) macrophages in ocular HSV-1 infection. To bet-
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replication in M1 macrophages was markedly lower than in M2 macrophages and S:it‘;:s}?:;hard M. Longnecker, Northwestern
unstimulated controls. The M1 macrophages expressed significantly higher levels of Copyright © 2017 American Society for
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fection significantly increasing the levels of proinflammatory cytokines and chemo- Address correspondence to Homayon Ghiasi,
kines in the M1 versus the M2 macrophages. To examine the effects of shifting the ghiasih@cshsorg.

immune response toward either M1 or M2 macrophages in vivo, wild-type mice

were injected with gamma interferon (IFN-y) DNA or colony-stimulating factor 1

(CSF-1) DNA prior to ocular infection with HSV-1. Virus replication in the eye, latency

in trigeminal ganglia (TG), and markers of T cell exhaustion in the TG were deter-

mined. We found that injection of mice with IFN-y DNA, which enhances the devel-

opment of M1 macrophages, increased virus replication in the eye; increased laten-

cy; and also increased CD4, CD8, IFN-y, and PD-1 transcripts in the TG of latently

infected mice. Conversely, injection of mice with CSF-1 DNA, which enhances the

development of M2 macrophages, was associated with reduced virus replication in

the eye and reduced latency and reduced the levels of CD4, CD8, IFN-y,and PD-1

transcripts in the TG. Collectively, these results suggest that M2 macrophages di-

rectly reduce the levels of HSV-1 latency and, thus, T-cell exhaustion in the TG of

ocularly infected mice.

IMPORTANCE Our findings demonstrate a novel approach to further reducing HSV-1
replication in the eye and latency in the TG by modulating immune components,
specifically, by altering the phenotype of macrophages. We suggest that inclusion of
CSF-1 as part of any vaccination regimen against HSV infection to coax responses of
macrophages toward an M2, rather than an M1, response may further improve vac-
cine efficacy against ocular HSV-1 replication and latency.

KEYWORDS macrophages, infectivity, latency, exhaustion, HSV-1, CSF-1, IFN-v,
polarized, primary infection, reactivation

acrophage infiltrates play key roles in the immune defense system and are a

central component of the innate immune system (1-4). Macrophages exhibit a
wide variety of critically important functions, including phagocytosis, cytokine/chemo-
kine secretion, and tumor cytotoxicity (5, 6). Resident macrophages are not detectable
in the corneas of naive mice (7, 8), and we have confirmed the lack of resident
macrophages in the corneas of uninfected mice by immunostaining using anti-F4/80,
as well as anti-CD11b, antibodies (9-11). However, following ocular infection of naive
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mice with herpes simplex virus 1 (HSV-1), macrophages are readily detectable in the
cornea and appear to be the dominant immune cell infiltrate in the eye (11-14). The
most effective vaccines against ocular HSV-1 infection in mice completely block mac-
rophages infiltrating into the eyes, whereas the least efficacious vaccines are associated
with the persistence of very high levels of infiltrating macrophages (9). Some reports
suggest that macrophages exacerbate HSV-1-associated corneal disease (13, 15), while
other studies suggest that macrophages protect against it (12, 16). The presence of
CD11b™ cells in the cornea correlates with enhanced HSV-1-induced blepharitis, but
not corneal scarring, whereas the presence of F4/80+ cells in the cornea correlates with
increased corneal scarring (14). Both the extent of the infiltrates and their characteristics
can be altered by vaccination against HSV-1 infection (11, 14).

Although it is evident that macrophages likely play a central role in acute and
chronic HSV-1 infection, it also is apparent that they can act to either exacerbate or
protect against these processes (16-20). We have shown previously that following
ocular infection of immunized mice, macrophages are the most abundant infiltrates in
the mouse cornea (9, 14). We also have shown that depletion of macrophages increases
virus replication in the eyes and trigeminal ganglia (TG) of immunized mice following
primary ocular HSV-1 infection (16). Furthermore, we have shown that due to stimu-
lation of macrophages, immunization of mice with a recombinant HSV-1 expressing
murine interleukin 12p35 (IL-12p35) was more effective in preventing eye disease and
reducing virus replication and latency in the eye than immunization with HSV-1
recombinant viruses expressing IL-2, IL-4, gamma interferon (IFN-v), or IL-12p40 (21—
24). However, depletion of macrophages caused demyelination in the brains, spinal
cords, and optic nerves of mice ocularly infected with different strains of wild-type (WT)
HSV-1 (25). Macrophages can alter their phenotype on activation by environmental
signals (26). The polarization is often viewed on a simplified linear scale, on which M1
(classically polarized) macrophages represent one extreme and M2 (alternatively po-
larized) macrophages represent the other (26), with the phenotype of polarized mac-
rophages representing a delicate equilibrium between the M1 and M2 profiles (27). M1
macrophages, after induction by proinflammatory mediators, produce significant
amounts of proinflammatory cytokines (tumor necrosis factor alpha [TNF-aJ], IFN-v, IL-6,
and IL-12) and generate reactive oxygen species, including nitric oxide, through
activation of inducible nitric oxide synthase (iNOS) (28, 29). In contrast, M2 macro-
phages, which are induced by exposure to IL-4, IL-13, IL-10 or glucocorticoids, do not
secrete high levels of proinflammatory cytokines but produce high levels of anti-
inflammatory cytokines (IL-10, transforming growth factor B [TGF-B], and IL-1 receptor
antagonist), as well as the enzyme arginase 1 (ARG1) (28, 30). Thus, M2 macrophages
are believed to participate in the blockade of inflammatory responses and to promote
tissue repair/angiogenesis, as well as T,,2 immune responses (29). The corneal disease
associated with ocular HSV-1 infection is thought to be mediated by the cytokines and
chemokines released from cells that infiltrate the cornea in response to the infection
(11, 31, 32). In mice, the longer it takes for the immune system to clear the virus from
the eye and the higher the virus load in the eye, the more extensive and protracted the
consequent ocular disease (33). The most efficient way to decrease latency and thus
subsequent recurrent infections and loss of vision associated with HSV-1 ocular infec-
tions is to reduce the virus load in the eye and to accelerate virus clearance in the eye.
The responses of the M1 and M2 macrophages to HSV-1 infection are not known. The
studies reported here were undertaken to examine these responses and to test the
hypothesis that shifting the phenotype of macrophages from that of proinflammatory
(MT1) macrophages to that of anti-inflammatory (M2) macrophages will play a positive
role in control of HSV-1 infection in vitro and in vivo. Macrophage colony-stimulating
factor (M-CSF) (also known as colony-stimulating factor 1 [CSF-1]) plays a major role in
the development of a number of macrophage populations (34, 35) and is involved in
stimulation, proliferation, differentiation, and survival of cells belonging to the
monocyte-macrophage lineage (36). It has been shown that administration of M-CSF
resulted in a high level of cytotoxic T lymphocyte (CTL) enhancement (37) and
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improved tumor rejection (38, 39), as well as development of the M2 phenotype (40).
In contrast, IFN-y has immunomodulatory effects on CD4™ T,,2 and CD8* T2 cells,
macrophages, NK cells, and B cells (41, 42), as well as on the development of M1
macrophages (43). Depletion studies have shown that IFN-vy is critical for the antiviral
activities of macrophages in vivo (44, 45). Thus, to selectively shift macrophages to the
M1 phenotype, we used IFN-v, and to shift macrophages to the M2 phenotype, we used
CSF-1. The macrophage populations generated through these polarization protocols
are referred to as M1 and M2 macrophages here. We report that (i) M1 macrophages are
refractory to HSV-1 replication in vitro compared to M2 or unpolarized macrophages; (ii)
HSV-1-infected M1 macrophages secrete more inflammatory cytokines and chemokines
than M2 macrophages or unpolarized macrophages; (iii) injection of mice, prior to
ocular HSV-1 infection, with IFN-y DNA significantly increased the amounts of virus
replication in the eye and latency in the TG, whereas injection of mice with CSF-1 DNA
reduced virus replication in the eye and the amount of latent virus in TG; (iv) higher
latency in IFN-y DNA-injected mice correlated with greater T cell exhaustion than
latency in TG from CSF-1 DNA-injected mice; and (v) the discrepancy between the in
vitro and the in vivo studies could be due to the presence of immune cells in vivo.

RESULTS

Effect of macrophage polarization phenotype on HSV-1 replication in RAW264.7
cells and PM. We reported previously that bone marrow-derived macrophages isolated
from wild-type mice are refractory to HSV-1 infection independently of the strain of
mouse or virus (46). Here, we generated M1 and M2 macrophages from RAW264.7 cells
and mouse peritoneal macrophages (PM). The macrophage cell line RAW264.7, which
was derived from C57BL/6 mice following transformation by Abelson leukemia virus, is
well characterized and is used extensively to study macrophage functions in vitro (47).
The RAW264.7 cells were treated with IFN-y and lipopolysaccharide (LPS) to generate
M1 macrophages and with IL-4 to generate M2 macrophages, as described in detail in
Materials and Methods. NOS2 is a marker of M1 macrophage activation, and ARG1 is a
marker of M2 activation (48-50). We confirmed that M1 activation significantly in-
creased the levels of NOS2 mRNA expression compared to the unpolarized controls (Fig.
1A) and that M2 polarization increased the expression of ARGT mRNA compared to the
unpolarized controls. While the levels of ARG T mRNA in M1 cells were significantly
higher than in unpolarized macrophages, they were significantly lower than in the M2
cells (P < 0.05) (Fig. 1B). To determine whether the M1 and M2 phenotypes of the
macrophages were altered by HSV-1 infection, the unpolarized M1 and M2 macro-
phages were mock infected or infected with wild-type HSV-1 strain McKrae (10 PFU/cell)
24 h after their activation. The levels of NOS2 mRNA were similar in the infected and
mock-infected M1 cells (Fig. TA). The levels of NOS2 expression were significantly higher
in the infected M1 cells than in the infected, unpolarized cells (P < 0.05) (Fig. 1A), but
the levels in infected M2 cells and the uninfected cells were similar. Virus infection had
no effect on ARGT mRNA expression in unpolarized, M1, or M2 macrophages (Fig. 1B).

To determine whether the replication of HSV-1 differed in the M1 and M2 macro-
phages, the treated and unpolarized macrophages were infected with wild-type HSV-1
strain McKrae as described above, and the amount of infectious virus was analyzed
using a standard plaque assay at 12, 24, or 48 h postinfection (p.i.). The replication of
HSV-1 in M1 macrophages was markedly lower than that seen in M2 or unpolarized
macrophages at all time points (Fig. 2A). In contrast, the replication pattern in the M2
macrophages was similar to that of the unpolarized macrophages (Fig. 2A). These
results suggested that M1 macrophages are either less permissive of HSV-1 infection or
less supportive of HSV-1 replication than M2 or unpolarized macrophages.

On examination of the effects of the conditions used for the generation of the M1
macrophages, we found that the virus titers in HSV-1-infected macrophages that had
been stimulated with either IFN-vy alone or LPS alone were similar (Fig. 3) (P > 0.05), and
in both cases, the virus titers were lower than in the infected unpolarized RAW264.7
cells (Fig. 3) (P < 0.05). The infected macrophages that had been stimulated with a
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FIG 1 Validation of macrophage polarization in vitro. RAW264.7 cells were polarized into M1 and M2
phenotypes as described in Materials and Methods. M1, M2, and unpolarized control macrophages were
infected with 10 PFU per cell of HSV-1 strain McKrae or mock treated for 24 h. Infected and mock-infected
cells were harvested, total RNA was isolated, and TagMan RT-PCR was performed using NOS2- and
ARG1-specific primers as described in Materials and Methods. Expression of NOS2 and ARGT mRNAs was
normalized to that of GAPDH RNA. (A) NOS2 mRNA expression. (B) ARGT mRNA expression. Each point
represents the mean * standard deviation (SD) (n = 3).

combination of IFN-y and LPS had significantly lower virus titers than those that had
been stimulated with either IFN-y alone or LPS alone (Fig. 3) (P < 0.01). Thus, both LPS
and IFN-y reduced virus titers in infected cells, suggesting that the reduced virus
infectivity is not due to the antiviral function of IFN-v. In addition, during infection, no
IFN-y or LPS was added to the media.

Before extending the studies to analyses of PM, we tested whether the methods
used to expand the PM population in vivo affected virus replication in M1 or M2
polarized PM. Both zymosan and thioglycolate are used routinely to expand the PM
population but are known to induce mild (zymosan) to strong (thioglycolate) inflam-
matory conditions (51, 52). C57BL/6 mice were treated with zymosan or thioglycolate,
and the PM were isolated as described in Materials and Methods, differentially polarized
into M1 or M2 macrophages, and then infected with HSV-1 (10 PFU/cell) for 24 h. No
significant differences in the levels of virus replication were found among the unpo-
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FIG 2 Effect of M1 or M2 macrophage polarization on HSV-1 replication in vitro. RAW264.7 cells and PM
from female C57BL/6 mice that had been treated with zymosan were treated with either IFN-y and LPS
to generate M1 macrophages or IL-4 to generate M2 macrophages for 24 h as described in Materials and
Methods. The cells were then infected with HSV-1 strain McKrae (10 PFU/cell) for 1 h, and the infected
cells were harvested at 12, 24, and 48 h p.i. The virus titer was determined using a standard plaque assay

on RS cells. Each point represents the mean = SD from three separate experiments. (A) RAW264.7 cells.
(B) PM. *, P = 0.05.

larized cells derived from zymosan-treated, thioglycolate-treated, or unpolarized PM
(Fig. 4, unpolarized); no significant differences were detected among M1 cells derived
from the zymosan-treated, thioglycolate-treated, or unpolarized PM (Fig. 4, M1); and no
significant differences were detected among M2 cells derived from zymosan-treated,
thioglycolate-treated, or unpolarized PM (Fig. 4, M2). Although thioglycolate treatment
resulted in the best PM yield, it induced strong inflammatory responses in the treated
mice, whereas zymosan treatment generated a satisfactory PM yield and only a mild
inflammatory response (data not shown). Thus, in all subsequent experiments, we used
zymosan to expand the population of PM.

PM harvested from zymosan-treated C57BL/6 mice were exposed to macrophage
activation stimuli and infected with HSV-1 using the protocol described above. Similar
to RAW264.7 cells, the virus titers from cells obtained 12 h to 48 h p.i. were lower in the
M1 PM than in the unpolarized PM or M2 PM (Fig. 2B). Notably, in the cells that were
analyzed at 12 h p.i., the virus titers in the M1 macrophages were approximately
100-fold lower than the virus titers in the unpolarized or M2 macrophages (Fig. 2B) (P <
0.01 for all). Overall, these results suggest that M1-polarized RAW264.7 cells and PM are
significantly more refractory to HSV-1 replication than their unpolarized or M2-
polarized counterparts in vitro.
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FIG 3 Generation of M1 macrophages in the presence and absence of IFN-y. M1 macrophages are
routinely generated in the presence of both IFN-y and LPS. M1 macrophages were generated from
RAW264.7 cells by treatment with IFN-vy alone or LPS alone and compared with cells generated in the
presence of both IFN-y and LPS. Unstimulated cells were used as controls. The M1 macrophages and
unstimulated control macrophages were infected with 10 PFU per cell of HSV-1 strain McKrae for 24 h.
The virus yield was determined for each treatment by standard plaque assays as described in Materials
and Methods. Each bar represents the mean = SD (n = 3).

Effects of HSV-1 receptors on virus infectivity in M1 and M2 cells in vitro. To
explore the mechanism(s) that may result in lower virus replication in the RAW264.7-
and PM-derived M1 cells, we first tested whether there were alterations in the HSV-1
receptors in the M1 macrophages that could affect infectivity. HSV-1 utilizes several
routes of entry to initiate the infection of cells, including herpesvirus entry mediator
(HVEM) (TNFRSF14), Nectin-1, Nectin-2, 3-O-sulfated heparan sulfate (3-OS-HS), and
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FIG 4 Effects of zymosan and thioglycolate on HSV-1 replication in PM. Mice were treated with zymosan
or thioglycolate or left unpolarized as described in Materials and Methods. PM from treated mice were
harvested, and M1 and M2 macrophages were generated as described in Materials and Methods.
Unstimulated PM were used as controls. The M1, M2, and unstimulated control macrophages were
infected with 10 PFU per cell of HSV-1 strain McKrae or mock infected for 24 h. The cells were then
harvested, and the virus yield was determined for each treatment by standard plaque assays as described
in Materials and Methods. Each bar represents the mean * SD (n = 3).
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FIG 5 Effects of M1 or M2 polarization on the expression of major HSV-1 receptors. M1 and M2 macrophages were generated from RAW264.7 cells and PM as
described in Materials and Methods. M1, M2, and unpolarized control macrophages were infected with HSV-1 strain McKrae (10 PFU per cell) or mock infected
for 24 h. Infected and mock-infected cells were harvested, the total RNA was isolated, and TagMan RT-PCR was carried out using HVEM-, Nectin-1-, Nectin-2-,
PILRa-, and 3-OS-HS-specific primers as described in Materials and Methods. Expression of each gene was normalized to that of GAPDH mRNA. Each point
represents the mean = SD (n = 3). (A) HVEM mRNA. (B) Nectin-1 mRNA. (C) Nectin-2 mRNA. (D) PILRa mRNA. (E) 3-OS-HS mRNA.

paired immunoglobulin-like type 2 receptor (PILR@) (53-55). This apparent redundancy
of HSV-1 receptors may contribute to the ability of HSV-1 to infect many different cell
types (53, 55-59). M1 and M2 macrophages were generated from RAW264.7 cells and
PM and infected with HSV-1 (10 PFU/cell) for 24 h or mock infected as described above.
The levels of HVEM, nectin-1, nectin-2, 3-OS-HS, and PILRa mRNAs were then determined
by quantitative real-time PCR (qRT-PCR) analysis. Overall, the results showed consider-
able variability in the expression of the HSV-1 receptors between M1 macrophages and
M2 macrophages and also between M1 and M2 macrophages generated from
RAW264.7 cells and PM (Fig. 5). The levels of HVEM mRNA were similar in the infected
and mock-infected M1 macrophages generated from RAW264.7 cells, and the levels of
HVEM mRNA were higher in these cells than in the infected and mock-infected
unpolarized RAW264.7 cells or M2 macrophages generated from RAW264.7 cells (Fig.
5A, RAW264.7). The levels of HVYEM mRNA were lower in the mock-infected M1 and M2
macrophages generated from PM than in their mock-infected RAW264.7 counterparts
(Fig. 5A, PM). In contrast to the M1 and M2 macrophages generated from RAW264.7
cells, infection suppressed the levels of HVEM mRNA in the M1 and M2 macrophages
generated from PM, and the differences between the infected and mock-infected PM
were statistically significant (Fig. 5A, PM; P < 0.05). The levels of nectin-1 mRNA
expression in M1 cells derived from RAW264.7 cells with and without infection were
significantly lower than in the unpolarized RAW264.7 cells or M2 macrophages gener-
ated from RAW264.7cells (Fig. 5B, RAW264.7). Mock-infected unpolarized PM had
significantly higher nectin-1 mRNA expression than the mock-infected M1 and M2 PM
(Fig. 5B, PM; P < 0.05). The expression of nectin-1 mRNA was lower in all the infected
PM than in their uninfected counterparts (Fig. 5B, PM; P < 0.05). With regard to nectin-2
mRNA levels, no significant differences were found among the RAW264.7-derived
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polarized macrophages (Fig. 5C, RAW264.7) or PM-derived polarized macrophages (Fig.
5C, PM). The levels of nectin-2 mRNA in M1 macrophages generated from PM with and
without infection were similar to each other and were higher than in any of the other
groups of RAW264.7- or PM-derived cells (Fig. 5C, Nectin-2). The levels of PILRa mRNA
were high in the unpolarized RAW264.7 cells and the M1 macrophages generated from
the RAW264.7 cells, and infection had no effect on the levels of expression in these
cells. The levels of PILR« mRNA were significantly lower in the mock-infected M2
macrophages generated from RAW264.7 cells and were not detectable in the infected
M2 macrophages generated from the RAW264.7 cells (Fig. 5D, RAW264.7). The levels of
PILRa in the mock-infected PM were significantly higher than in the infected, unpolar-
ized PM, as well as significantly higher in both the M1 and M2 PM irrespective of their
infection status (Fig. 5D, PM; P < 0.05). However, infection had no effect on the levels
of PILRaR mRNA in the M1 or M2 PM compared with their unpolarized counterparts
(Fig. 5D, PM; P < 0.05). 3-0S-HS mRNA was detected in the mock-infected, unpolarized
RAW264.7 cells but was not detectable in the mock-infected or infected M1 or M2
macrophages generated from RAW264.7 cells (Fig. 5E, RAW264.7). In contrast, the
uninfected M1 macrophages generated from PM had high levels of 3-OS-HS mRNA
expression, but it was undetectable in the mock-infected unpolarized and M2 macro-
phages generated from PM (Fig. 5E, PM). Infection increased the levels of 3-OS-HS
mMRNA expression in the unpolarized and M2 macrophages generated from PM (Fig. 5E,
PM). Thus, both activation of the macrophages and infection affected the expression of
the HSV-1 receptors, and in some cases, these effects appeared to reflect an interaction
between the two processes. However, no clear patterns emerged that would suggest
an association between these effects and the lower virus replication in the M1 macro-
phages than in the M2 macrophages or unpolarized cells.

Differences in chemokine and cytokine expression in M1 and M2 macrophages.
To explore the potential roles of cytokines and/or chemokines, M1 and M2 macro-
phages were generated from RAW264.7 cells and PM and infected with HSV-1 strain
McKrae (10 PFU/cell) as described above. The culture media from the wells containing
the infected and mock-infected cells were collected at 24 h p.i., and the levels of
cytokines and chemokines in the culture media were determined using lllumina mouse
32-plex panels. The results for the RAW264.7-derived cells are shown in Table 1, and the
results for the PM-derived cells are shown in Table 2.

As shown in Table 1, in the RAW264.7-derived cells, except for IFN-y, which was
added to the media, levels of IL-4, and IL-3, granulocyte colony-stimulating factor
(G-CSF), eotaxin, granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-1¢,
IL-1B, IL-2, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), LIF, IL-13, LIX, IL-15, IL-17,
IP-10, KC, monocyte chemoattractant protein 1 (MCP-1), MIP-1e, MIP-13, M-CSF, MIP-2,
MIG, RANTES, vascular endothelial growth factor (VEGF), and TNF-a were higher in M1
than in M2 macrophages under both uninfected and infected conditions. IL-3 was the
only cytokine that was expressed at higher levels in the infected M2 macrophages than
in the infected M1 macrophages. As shown in Table 2, in both uninfected and infected
PM, the levels of G-CSF, IL-1¢, IL-6, IL-9, IL-12 (p40), IL-12 (p70), IL-13, LIX, IP-10, KC,
MIP-1a, MIP-18, M-CSF, MIP-2, MIG, RANTES, VEGF, and TNF-a were higher in the
supernatants of the M1 macrophages than in those of the M2 macrophages. In both
the uninfected and infected cells, the levels of eotaxin, LIF, and MCP-1 were higher
in the M2 macrophages than in the M1 macrophages. IL-10 and IL-15 were higher
in the infected but not the uninfected M1 macrophages than in the M2 macro-
phages. In contrast, the levels of GM-CSF were higher in the infected, but not in the
uninfected, M1 macrophages than in the M2 macrophages.

The above-described results suggested that the M1 macrophages secreted more
cytokines and chemokines than the M2 macrophages, which potentially could contrib-
ute to the lower virus replication in the M1-polarized cells. As interferons have potent
immunomodulatory and antiviral functions (60-62), we also looked at the possible
contribution of type | IFNs (IFN-a and IFN-B) to these differences. PM were used to
generate M1 and M2 macrophages, which were then mock infected or infected with
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TABLE 1 Selected cytokine/chemokine levels in M1 and M2 RAW264.7 cell lines before and after infection with HSV-1¢

Journal of Virology

Level (pg/ml) (mean = SD)

Unactivated macrophages M1 M2
No. Cytokine or chemokine  Mock Infected Mock Infected Mock Infected
1 G-CSF 103.5+25 96.4 + 8.9 4,569.5 + 297.7 5,519.5 = 770.0 162.1 = 14.8 181.8 £ 21.8
2 Eotaxin 88 0.5 144 + 3.1 184+ 14 217 =28 9.8 +0.7 103 £ 2.1
3 GM-CSF 173 +0.2 11.2 =51 269 £5.0 21.0 £18.2 7.1 84 13279
4 IFN-y 27+09 59+23 483 +59 51.6 =56 33+1.0 3.1+0.3
5 IL-1 19.0 64 30.1 = 6.2 101.3 =84 116.1 = 264 27.5*+38 273+ 84
6 IL-18 13.2*23 10.7 £57 246 + 2.8 278*7.0 11.0 £45 16.1 1.6
7 IL-2 <1.7 (BD®) 28+ 0.6 28+ 04 3.2+1.0 2.0 1.8
8 IL-4 <2.4 (BD) <2.4 (BD) <2.4 (BD) <2.4 (BD) 9.2*05 12.6 £ 04
9 IL-3 <2.5 (BD) 82*1.0 2.7 33+05 <2.5 (BD) 79+ 06
10 IL-5 1.5 2.1+09 188 =39 139=*55 1.5+03 42 +0.2
11 IL-6 5.7%0.2 13.5+0.2 2,594.5 + 149.2 3,972.5 + 644.2 13019 184 +1.0
12 IL-7 6.5*0.3 43 +£22 86 0.5 9.7 0.6 54+ 31 6.2+04
13 IL-9 43.0 £ 239 86.0 £ 17.7 1335+6.2 1345+24 55.0+ 6.0 68.1 = 18.2
14 IL-10 3352+ 9.1 346.3 = 24.1 770.1 = 53.3 902.3 = 104.2 329.2 =324 3525+ 12.2
15 IL-12 (p40) 49+03 6.9 +28 88+ 16 6.4+ 25 5.6 £0.7 3.9*05
16 IL-12 (p70) 22+03 8.6 *+ 0.9 202 +4.7 12.7 £ 5.7 46 *+0.3 9.1 +£0.7
17 LIF 0.7 £0.0 40=*05 6.1 £0.3 74+ 0.6 22+03 43 *0.2
18 IL-13 46.6 £ 0.5 45,5 £20.9 157.1 = 40.5 169.9 = 3.4 482113 395+20
19 LIX 412 318 37.7 = 10.1 849 + 222 86.5 = 25.3 58.2 +32.2 35.0+2.0
20 IL-15 49.6 £ 16.3 56.8 = 10.5 61.6 £ 85 549 + 6.2 45.7 £ 19.1 46.8 £ 13.5
21 IL-17 <3.9 (BD) <3.9 (BD) 49 +0.8 50+13 <3.9 (BD) <3.9 (BD)
22 IP-10 111.6 122 559.0 = 144 5,342.5 = 1,389.5 3,658.0 = 806.1 2155+ 119 663.9 +41.9
23 KC <0.9 (BD) 51+04 416 +35 374+59 <0.9 (BD) 7.8 +0.7
24 MCP-1 1253 +8.3 2964 = 12.8 5,259.5 = 456.1 4,907.5 = 842.2 3324 *+19.5 5155+ 1.6
25 MIP-1a 51485 = 7559 4,630.0 = 46.7 8,874.5 = 324.6 9,674.0 = 1,452.4 7,451.0 =301.2 7,034.0=*=41.0
26 MIP-18 4,437.0 = 550.1 4,982.5 + 135.1 14,787.0 = 50784  12,433.5 = 4,280.1 5,668.0 = 2079 6,3785 £ 41.7
27 M-CSF 3117 36+03 103 = 2.1 7.0 £ 0.1 3.0£08 3.9*08
28 MIP-2 3134 = 246 413.0 +12.7 981.8 = 37.0 1,2445 £ 955 390.5 = 55.6 384.0 = 15.5
29 MIG <15.7 (BD) <15.7 (BD) 586.3 = 30.0 514.7 = 64.0 <5.7 (BD) <15.7 (BD)
30 RANTES 43 *+0.8 15.7 £ 1.1 2745 = 36.3 251.1 = 50.1 6.7 = 0.1 16.9 £0.2
31 VEGF 37.6 =43 53.6 = 1.1 660.6 = 7.2 633.4 +74.0 27.0*+24 328 =09
32 TNF-« 12.6 £ 0.7 713+28 64.8 £ 49 855+ 129 141 £1.8 49.7 £ 20

aCytokine and chemokine levels in the culture media were analyzed using mouse 32-plex panels. Details of the experimental procedures are described in Materials

and Methods. Briefly, cells were exposed to either IFN-y with LPS or IL-4 and allowed to undergo M1 and M2 activation, respectively. After 24 h of exposure, the cells
were infected with 10 PFU/cell of HSV-1 strain McKrae for 1 h at 37°C, washed with PBS, and incubated for an additional 24 h in fresh medium.
bBD, below detection level.

HSV-1 (10 PFU/cell) for 24 h, as described above. The mRNA levels of IFN-« and IFN-3
in the cells were determined by gRT-PCR analysis as described in Materials and
Methods. The levels of IFNae mRNA were significantly higher in the infected, unpolarized
PM and the M2 macrophages than in their mock-infected counterparts (Fig. 6A) (P <
0.0001), whereas no significant difference was found between the levels of IFNae mRNA
in the infected and mock-infected M1 macrophages (Fig. 6A) (P > 0.05). The patterns
of IFNB mRNA expression were similar to those of IFNa mRNA (compare Fig. 6A with B).

In summary, these results suggested that the M1 macrophages exhibited higher
secretion of a significant number of cytokines and chemokines than the M2 macro-
phages. This may explain the lower virus replication in the M1 macrophages than in the
M2 macrophages. However, the lack of an apparent association of specific patterns of
expression of type | IFNs with HSV-1 infection of the M1 macrophages suggests that this
family of cytokines does not play a critical role in defining virus replication in these cells.

Effects of CSF-1 and IFN-vy injections on shifting the activation status of
macrophages in vivo. Our in vitro studies with RAW264.7 cells and PM described above
showed that M1 macrophages are more resistant to HSV-1 replication than M2 mac-
rophages and also produce more inflammatory chemokines and cytokines. Due to the
critical role that macrophages play in orchestrating immune responses, there is increas-
ing interest in using signals that are known to polarize macrophages in order to
improve vaccine efficacy. Previously, we found that treatment of mice with either FMS
(i.e, McDonough feline sarcoma viral [v-fms] oncogene homolog)-like tyrosine kinase 3
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TABLE 2 Selected cytokine/chemokine levels in M1 and M2 PM before and after infection with HSV-1¢

Journal of Virology

Level (pg/ml) (mean % SD)

Unactivated macrophages M1 M2
No. Cytokine or chemokine Mock Infected Mock Infected Mock Infected
1 G-CSF 33%0.2 97.2+95 1,393.5 £ 1464 2,296.0 = 50.9 55=*0.8 745+ 225
2 Eotaxin <3.9 (BD®) 7.7 +25 12.7 £33 180*1.6 319+ 1.7 254+ 86
3 GM-CSF 4.8 6.0 23 13.7+28 20.0 = 6.1 11.1 £52 314+29
4 IFN-y 1.7 26+ 16 >21,464 (AD°) >21,464 (AD) 3.7+£0.7 2.6 +0.536
5 IL-1 4.8 202 +34 180.5 + 3.6 196.5 £ 8.2 97*16 239+ 133
6 IL-18 83 239 19.0 = 15.6 174+53 23.7%£1.0 17.2*7.1
7 IL-2 <1.7 (BD) 1.7 <1.7 (BD) 34+09 2.0 5.1
8 IL-4 <2.4 (BD) <2.4 (BD) <2.4 (BD) <2.4 (BD) >13,537 (AD) >13,537 (AD)
9 IL-3 <2.54 (BD) <2.54 (BD) <2.54 (BD) 29*+05 <2.5 (BD) <2.5 (BD)
10 IL-5 <0.5 (BD) 23*+15 4+ 0.6 7014 49+ 13 76 £05
11 IL-6 829393 11234 £ 228 1,975.5 = 368.4 4,336.0 = 343.6 3020+ 17.6 302.1 =722
12 IL-7 3.1 46 =13 57*04 7.0+ 35 3.1£05 3.5+09
13 IL-9 <2.7 (BD) 16.5 61.7 £ 11.1 1119 £ 145 26.7 £9.8 476 £ 175
14 IL-10 54 11.2+43 293+ 16 40.1 £104 30.8 =09 21.6 =45
15 IL-12 (p40) 4.2 40+*22 103 *+1.0 12.7 = 0.01 48 + 0.5 44 +22
16 IL-12 (p70) <0.6 (BD) 26+ 18 116 £23 19.1 £438 48 = 2.1 13.0 £ 2.1
17 LIF 13.9 = 8.1 144 +18 109 =09 10.2 £0.2 18.0 £ 0.5 148 £ 34
18 IL-13 250+22 43.5 +10.2 1344 £ 173 185.4 £ 8.1 51.5* 146 104.2 + 226
19 LIX <16.0 (BD) <16.0 (BD) 125.6 = 39.5 154.6 £ 3.2 <16.0 (BD) 439 + 30.0
20 IL-15 <2.0 (BD) 8.4 205+ 1.7 33.7%54 19.8 23071
21 IL-17 <3.8 (BD) <3.8 (BD) <3.8 (BD) <3.8 (BD) <3.8 (BD) <3.8 (BD)
22 IP-10 8.1 £3.1 1,893.5 = 183.1 2,966.0 = 9.9 5,769.0 = 879.6 19.8 0.2 2,379.5 = 661.1
23 KC 20.2 = 13.7 5242 +733 1,443.5 £75.7 1,961.5 £9.2 98.8 + 0.9 4104 = 1175
24 MCP-1 544 +19.5 522.8 = 60.9 418.2 = 38.2 7783 £21.9 721.9 = 60.1 1,343.5 £ 2128
25 MIP-Ta 7.8 4764 £ 78.4 88.0 £12.6 419.3 £10.0 153 £ 0.1 2044 + 374
26 MIP-183 158 =115 1,778.0 = 330.9 134.7 £ 8.0 1,1320£17.0 269 +0.3 999.4 + 200.2
27 M-CSF 23 6.6 25 85+34 11.8 =28 5.7 49 58+ 16
28 MIP-2 49.7 673.9 = 119.1 3,480.0 = 284.3 4,319.0 £ 749 523 +15.0 417.1 =829
29 MIG <15.7 (BD) <15.7 (BD) 1,246.5 = 130.8 1,425.0 £ 283 <15.7 (BD) <15.7 (BD)
30 RANTES <1.1 (BD) 43.0*+79 2,110.0 = 84.8 2,938.5 + 347.2 3.7 £0.1 23.8 49
31 VEGF 41.1 £ 248 19.2 + 2.1 1955+ 347 252.0 6.7 21.0+1.2 304 +109
32 TNF-« 3.2 629 £ 69 1772 £20.4 270.7 £ 5.1 6.6 1.0 433 £ 89

aCytokine and chemokine levels in the culture media were analyzed using mouse 32-plex panels. PM from wild-type C57BL/6 mice were used in the experiment.
Details of the experimental procedures are described in Materials and Methods. Briefly, cells were exposed to either IFN-y with LPS or IL-4 and allowed to undergo
M1 and M2 activation, respectively. After 24 h of exposure, the cells were infected with 10 PFU/cell of HSV-1 strain McKrae for 1 h at 37°C, washed with PBS, and
incubated for an additional 24 h in fresh medium.
®BD, below detection level.
<AD, above detection level.

ligand (FIt3L) DNA or GM-CSF DNA increases the number of dendritic cells (DCs) (63).
We therefore decided to determine if we could shift the immune response in vivo using
inducers of M1 versus M2 macrophages. IFN-y is known to shift macrophages toward
an M1 phenotype, whereas CSF-1 shifts them toward an M2 phenotype (50). The mice
were injected intramuscularly (i.m.) with CSF-1 DNA, IFN-y DNA, or vector DNA three
times, as described in detail in Materials and Methods, and then ocularly infected with
HSV-1 strain McKrae. Macrophages were harvested from the peritoneal cavity and
spleens of the mice prior to infection (day 0) and on days 3 and 7 p.i. The cells were
then stained with anti-F4/80 antibody to detect any changes in the total macrophage
population, with anti-Ly6C to detect M1 macrophages, and with anti-CD206 antibodies
to detect M2 macrophages (64-66) and analyzed using flow cytometry.

Before ocular infection, the percentages of F4/80* cells in the PM population were
higher in the IFN-y-treated mice than in the vector control group (64% versus 59%) or
CSF-1 DNA-treated mice (64% versus 45%) (Fig. 7A, day 0). The percentages of F4/80+
cells in the PM had declined in IFN-y DNA-treated mice by day 3 p.i. (Fig. 7A, day 3 p.i.)
and then increased again on day 7 (Fig. 7A, day 7 p.i.) but remained unaltered in the
vector-treated and CSF-1 DNA-treated mice through day 7 p.i. (Fig. 7A, day 3 p.i. and
day 7 p.i.). M1 macrophages were undetectable in the PM of mice treated with CSF-1
DNA, IFN-y DNA, or vector control at any of the time points (Fig. 7B). The percentages
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FIG 6 Expression of IFN-a and IFN-$ in M1 and M2 macrophages. PM were isolated from C57BL/6 mice,
and M1 and M2 macrophages were derived and infected with HSV-1 or mock infected as for Fig. 5. Total
RNA from infected and mock-infected cells was isolated, and TagMan RT-PCR was performed using IFN-a-
and IFN-B-specific primers as described in Materials and Methods. Expression of each gene was
normalized to that of GAPDH mRNA. Each point represents the mean = SD (n = 3). (A) IFN-a mRNA. (B)
IFN-8 mRNA.

of M2 macrophages were higher in the CSF-1 DNA-treated mice than in the vector
control group or the IFN-y DNA-treated mice prior to ocular infection and remained
higher on day 3 p.i. (Fig. 7B, day 0 and day 3 p.i.). However, by day 7 p.i,, the
percentages of M2 macrophages were similar in the CSF-1 DNA-treated and IFN-y
DNA-treated mice (Fig. 7B, day 7 p.i.).

In contrast to the differences in the levels of F4/80* cells in PM from CSF-1 DNA- or
IFN-y DNA-treated mice, the percentages of F4/80" cells in the spleens of the mice
were similar in the CSF-1 DNA-, IFN-y DNA-, and vector-treated mice before infection
and on days 3 and 7 p.i. (Fig. 7C). Prior to infection, the percentages of M1 cells in the
spleens of the CSF-1 DNA- and vector control-treated mice were similar (Fig. 7D, day 0)
(10% versus 11%), whereas they were significantly higher in the spleens of the IFN-y
DNA-treated mice than in those of the CSF-1 DNA-treated mice (Fig. 7D, day 0) (32%
versus 10%). By day 3 p.i., the numbers of M1 macrophages increased in both the CSF-1
DNA-treated and vector-treated mice but declined in the IFN-y DNA-treated mice (Fig.
7D, day 3 p.i.). However, by day 7 p.i, the numbers of M1 macrophages decreased in
both the CSF-1 DNA- and vector-treated mice while it increased in the IFN-y DNA-
treated mice (Fig. 7D, day 7 p.i.). The populations of M2 macrophages in the spleens of
injected mice were similar in the CSF-1 DNA-, IFN-y DNA-, and vector-treated mice on
day 0 and day 3 p.i. (Fig. 7D, day 0 and day 3 p.i.). In contrast, the numbers of M2
macrophages on day 7 p.i. in CSF-1 DNA-treated mice were the same as on days 0 and
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FIG 7 Flow cytometry analysis of macrophages isolated from CSF-1- and IFN-y-injected mice. Mice were injected
intramuscularly three times with CSF-1 DNA, IFN-y DNA, or vector DNA as described in Materials and Methods.
Macrophages from the peritoneal cavity (PM) and spleen (SP) of each group were harvested prior to infection (day
0) and on days 3 and 7 post-ocular infection with HSV-1 strain McKrae (2 X 10° PFU/eye). The cells were stained
with FITC-F4/80, Pacific Blue-Ly6C, and allophycocyanin (APC)-CD206 antibodies and subjected to flow cytometry
analysis. (A) PM, F4/80. (B) PM, F4/80+ Ly6C*+ CD206. (C) SP, F4/80*. (D) SP, F4/8* Ly6C* CD206*.

3 p.i., while the size of this population had declined in IFN-y DNA-treated mice (Fig. 7D,

day 7 p.i.).

Collectively, these results indicated the following. (i) Injection of mice with IFN-y
DNA increased the population of F4/80" cells in the peritoneum but had no significant
effect on this population in the spleen. In contrast, injection of CSF-1 DNA had no
significant effect on this population in either the peritoneum or the spleen. (ii) Injection
of mice with CSF-1 increased the M2 macrophage population in the peritoneum, but no
M1 macrophages were detectable. (iii) Injection of mice with IFN-y DNA generated M1
macrophages, whereas injection of CSF-1 DNA generated M2 macrophages in the

August 2017 Volume 91

Issue 15 e00578-17

Journal of Virology

jviasm.org 12


http://jvi.asm.org

Effect of Macrophage Polarization in Control of HSV-1

C) SP

D) SP

FIG 7 (Continued)

Day 0 Day 3 PI Day 7 PI
250K 250K 250K
5 20K 1 200K 200K
S 315k 3 150K 2 150K
(7]
100K 4 100K 100K
= 7% 8% 8%
50K ] 50K 50K
0102 10*  10*  10° 0102 10%  10*  10° 0102 10 10+ 10°
250K 250K 250K
200K 200K 200K
= o (&) (o]
AL @ 150K @ 150K
) 100K ] o 100K o 100K o
O 7% 5% 6%
50K ] 50K 50K
0102 10 104  10% 0102 10 10¢  10° 0102 100 10¢  10%
250K 250K 250K
200K 200K 200K
;%150,( ] 3 150K 3 150K
15 1 100K 100K
— 100K 6% 4% 7%
50K 50K 50K
0 % 0 0
0102 10 10¢ 108 0102 102 10¢  10° 0102 100 10¢ 108
F4/80*
. Day 0
= :
s 100 4 11% 1% 100 1 108
e 3 &
P - 10¢ 104 N\
o O
> 6 ¢ 102 100 1
g g 102 102 2
1399 499 i 1023
o 0 39A' . A’ 03 0
E 0102 102 104  10%
100+ 100
104 104
‘T 103 2
T8 10
(0] 4
(6] 102 3 102 7
0 0 3
108
104
? 102
— 102
0 142%
0102 102 104  10° 0102 102 104  10°

F4/80*CD206* (M2)

spleen. (iv) Infection increased the population of M1 macrophages while decreasing the
population of M2 macrophages in vivo. Overall, we observed a tissue-specific effect of
DNA immunization, as well as HSV-1 infection, on the activation profile of macrophages,

indicating that a shift to M1 or M2 can be generated in vivo.

Effects of CSF-1 and IFN-vy injection on clearance of virus from eyes. We next
tested if macrophage polarization protocols can affect the course of ocular HSV-1
infection. Ten mice per group were administered CSF-1 DNA, IFN-y DNA, or vector DNA,
or were mock treated as described in Materials and Methods. Three weeks after the
third injection, the mice were infected intraocularly with HSV-1 strain McKrae (2 X 10°
PFU/eye). Tear films were collected daily from both eyes on days 1 to 6 p.i, and the
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FIG 8 Virus titers in the eyes of ocularly infected mice that had been injected with CSF-1 or IFN-y DNA.
Mice were injected intramuscularly three times with CSF-1 DNA, IFN-y DNA, or vector DNA as for Fig. 7
or mock treated. Three weeks after the third injection, the mice were intraocularly infected with HSV-1
strain McKrae (2 X 10° PFU/eye). The presence of infectious virus in the eyes of injected mice was
monitored daily by collecting tear films from 10 mice (20 eyes) as described in Materials and Methods.
Each bar represents the average peak virus titer from 20 eyes = SEM. *, P = 0.05.

amount of virus in each eye was determined by standard plaque assays. As shown in
Fig. 8, all the mice that were administered DNA had lower peak virus titers per eye than
the mock-injected mice on days 2 and 3 p.i. (Fig. 8) (P < 0.01). The levels of virus titers
in the eyes of mice that were administered vector DNA were similar to the levels in the
mock-injected mice (Fig. 8). The peak virus titer per eye on days 2, 3, 5, and 6 p.i. was
significantly lower in mice administered CSF-1 DNA than in mice administered IFN-vy
DNA (P < 0.05; Student’s t test), as was the range of virus titers (0 to 1,160 PFU/eye
versus 0 to 3,040 PFU/eye) (data not shown). Taken together with our other results,
these findings suggest that administration of CSF-1 DNA is more effective than admin-
istration of IFN-y DNA in promoting clearance of HSV-1 from the eyes of infected mice.

Effects of CSF-1 or IFN-y injection on establishment of latent infection. To
determine if altering M1 or M2 levels affected latency, the TG from the four groups of
mice that were used for eye swab experiments as described above (Fig. 8) were
harvested 28 days p.i. The amounts of latency-associated transcripts (LAT) in the TG of
individual mice were determined. As shown in Fig. 9, the levels of latency were similar
in the mice administered vector DNA and the mock-injected mice (P = 0.9). The
amounts of LAT RNA in the TG were significantly lower in the CSF-1 DNA-treated mice
than in the IFN-y DNA-treated mice (P < 0.0001) and significantly lower than in the
mice that were administered vector DNA or the mock-injected mice (P < 0.0001). In
contrast, the levels of LAT mRNA were significantly higher in the IFN-y DNA-treated
mice than in the mice that were administered vector DNA or the mock-injected mice
(P = 0.003). Thus, shifting the phenotype of the macrophages to M2 by CSF-1 DNA
injection reduced the amount of latency in infected mice, whereas IFN-y DNA injection
enhanced latency.

Effects of CSF-1 or IFN-y injection on levels of CD4, CD8, IFN-y, and PD-1
mRNA:s in the TG of latently infected mice. Previously, we found that latent infection
with wild-type HSV-1 increases the levels of LAT RNA, CD8 mRNA, and PD-1 mRNA in the
TG (67). We also found increased numbers of PD-1-positive CD8 T cells (i.e., exhausted
CD8 T cells) in the TG of mice that were latently infected with LAT* virus compared to
those infected with LAT~ virus (68). Moreover, PD-17/~ mice exhibited significantly
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FIG 9 Effect of CSF-1 or IFN-y on HSV-1 latency in TG of latently infected mice. Mice were injected with
CSF-1 DNA, IFN-y DNA, or vector DNA or mock treated and ocularly infected with HSV-1 strain McKrae
as for Fig. 8. On day 28 p.i., TG were harvested and quantitative RT-PCR was performed on each individual
mouse TG. In each experiment, an estimated relative copy number of LAT was calculated using standard
curves generated from pGEM-5317. Briefly, the DNA template was serially diluted 10-fold so that 5 ul
contained from 103 to 10"" copies of LAT and then subjected to TagMan PCR with the same set of
primers. By comparing the normalized threshold cycle of each sample to the threshold cycle of the
standard, the copy number for each reaction was determined. GAPDH expression was used as an internal
control. Each point represents the mean = SEM from 20 TG.

lower levels of HSV-1 latency than WT mice (68). As our current data suggested higher
latency in IFN-y DNA-treated mice than in CSF-1 DNA-treated mice, we examined the
associations between the effects of higher LAT expression in the IFN-y DNA-treated
mice and T cell exhaustion markers and related cytokines in the TG of latently infected
mice. The relative levels of mRNAs for T cell subtypes (CD4 and CD8), a marker of
exhaustion (PD-1), and a cytokine that may be altered by exhaustion (IFN-y) were
determined by real-time PCR of total TG extracts. The results are presented in Fig. 7 as
the fold increase (or decrease) compared to the baseline mRNA levels in TG from
uninfected naive mice. In the TG of mice administered IFN-y DNA, the levels of CD4 (Fig.
10A), CD8 (Fig. 10B), IFN-y (Fig. 10C), and PD-1 (Fig. 10D) mRNAs were all elevated
compared to those of mice that were administered CSF-1 DNA. The levels of all of these
mRNAs were significantly higher in the TG from mice that were administered IFN-y DNA
than in the TG from mice administered CSF-1 DNA (P < 0.0001). These results suggest
that there are both increased numbers of T cells and increased T cell exhaustion, as
indicated by the increased expression of the PD-1 exhaustion marker, in the TG from
latently infected mice that had been pretreated with IFN-y DNA compared with those
that had been pretreated with CSF-1 DNA.

DISCUSSION

HSV-1 infections are among the most frequent serious viral eye infections in the
United States and can cause eye disease ranging in severity from blepharitis, conjunc-
tivitis, and dendritic keratitis to disciform stromal edema, necrotizing stromal keratitis,
and blindness (69-71). In our published studies, we have shown that macrophages
contribute to the greater efficacy of the DNA vaccine than the protein vaccine in
protecting against the effects of ocular HSV-1 infection (16). Macrophages are involved
in the production of IL-12 (72, 73), a cytokine reported to be involved in stimulation of
both T cells and NK cells (74), including stimulation of cytotoxic activity, proliferation,
and promotion of T,;1 development and IFN-y and TNF-« production (75, 76). IL-12 has
also been shown to differentiate T,,0 cells into a T,,1 response (77, 78) and consequently
to upregulate IL-2 production. Thus, macrophages play a major role in regulating many
facets of the immune response and play a central role in the balance and efficiency of
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FIG 10 Effects of injection of CSF-1 DNA and IFN-y DNA on various other transcripts in TG of latently infected mice.
TG from the latently infected mice, as shown in Fig. 9, were individually isolated on day 28 p.i., and quantitative
RT-PCR was performed using total RNA from TG as described in Materials and Methods. CD4, CD8«, PD-1, and IFN-vy
mRNA expression in naive mice was used as a baseline control to estimate the relative expression of each transcript
in TG of latently infected mice. GAPDH mRNA expression was used to normalize the relative expression of each
transcript. Each point represents the mean * SEM from 20 TG. (A) CD4 mRNA. (B) CD8« mRNA. (C) IFN-y mRNA. (D)
PD-1T mRNA.

the immune response to HSV-1 infection and vaccination. Their phenotypes, based on
secretion of proinflammatory and anti-inflammatory molecules, are divided into M1
and M2 (27). However, very little is known regarding what role, if any, M1 and M2
macrophages play in control of HSV-1 infection. It is of fundamental importance to
understand the regulatory mechanisms controlling the polarization and balance of
macrophage subsets, as different macrophage subsets are likely to lead to significantly
distinct biological consequences in response to HSV-1 infection. In this study, we have
shown that M1 macrophages derived from both the RAW264.7 cell line and PM of
C57BL/6 mice were refractory to HSV-1 replication compared to M2 macrophages or
unpolarized macrophages. These results are consistent with the report that the yields
of HSV-1 from M1 macrophages derived from the murine J774A.1 macrophage line
were lower than the yields from the unpolarized macrophages and M2 macrophages
(79). We also showed that after infection M1 macrophages derived from either
RAW264.7 cells or PM produce significantly larger amounts of proinflammatory cyto-
kines and chemokines than the M2 macrophages, which is consistent with previous
reports (26, 28-30). These proinflammatory cytokines and chemokines most likely
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contribute to the lower virus replication in M1 cells than in M2 or unpolarized cells.
Other potential contributing factors are M1 macrophage polarization-induced growth
arrest and decreases in the pH of the medium (80).

The spectrum of macrophage polarization is well described in vitro, and there is now
increasing evidence that macrophage polarization, or at least a polarization-like event,
may also occur in vivo (29, 50). However, the contribution of the findings gained from
in vitro observations to induction of disease in vivo is problematic due to the complexity
of the in vivo systems and discrepancies between in vitro and in vivo conditions (81). It
was therefore important to assess whether shifting the macrophage responses toward
the M1 or M2 phenotype had any positive effect on virus replication and latency in vivo.
As IFN-vy is primarily associated with the generation of M1 macrophages (48) whereas
CSF-1 generates M2 macrophages (49), we used CSF-1 to push the macrophage
response toward an M2 response and IFN-y to push it toward an M1 response. Our
results suggested that mice that were treated with CSF-1 DNA exhibited both reduced
virus replication in the eye and reduced latency compared to mice treated with IFN-y
DNA. In line with this study, it was previously shown that IFN-v is secreted during the
progression of herpetic stromal keratitis (HSK), and its neutralization significantly
reduced the severity of the disease (82). These results are also consistent with a report
that M2 macrophages confer protection against HIV infection in vitro compared with
M1 macrophages (83). Overall, our studies indicated that a decrease in LAT expression
in TG, and hence a decrease in latency, appeared to be associated with administration
of CSF-1 DNA and a shift to an M2 response, whereas an increase in latency was
associated with administration of IFN-y DNA injection and thus an M1 response.
Treatment of PM from C3H/HeN mice with CSF-1 has been shown to reduce the
replication of vesicular stomatitis virus (VSV) and to increase the survival of the infected
cells in vitro (26).

Persistent or latent infections are characterized by varying degrees of functional
impairment of virus-specific T cell responses, leading to inability of the host to eliminate
the pathogen (84). In this study, we have shown that increased expression of CD4, CD8,
IFN-y, and PD-1 mRNAs was associated with IFN-y DNA injection. Previously, we
reported that the presence of LAT caused subclinical reactivation and higher expression
of CD4, CD8, IFN-vy, and PD-1 transcripts (68). We also found that exhaustion of CD8*+ T
cells in the presence of LAT was the major factor leading to an increase in latency and
that the CD8* T cell impairment was associated with upregulation of PD-1 gene
expression. Previously, we reported that higher latency is independent of primary virus
replication in the eye and TG (85, 86). Furthermore, we reported that there is no
absolute correlation between the primary virus titer in the eye, the level of viral DNA
in latent TG, and time to reactivation (87). In addition, in the current study, we have
demonstrated that increased latency is associated with higher expression of transcripts
associated with CD4 and IFN-y expression. Similarly, other investigators have shown
that IFN-vy participates in upregulation of PD-1 expression and thus inhibition of T cell
effector functions (88). It has been shown that TG-resident CD8 T cells block HSV-1
reactivation from latency and that these cells are necessary for maintaining viral latency
(89, 90). Additionally, CD8 T cells can actively suppress viral reactivation through release
of IFN-y (91). In the current study, we found that the IFN-y-treated mice exhibited
higher latency, as well as higher CD4, CD8, and IFN-y expression, suggesting that the
higher latency may be due to higher levels of CD8 and IFN-vy expression. However, the
mice that had been administered IFN-+y also had higher levels of PD-1 expression, which
suggests that the CD8 T cells may not be functional. This would be in line with our
previous study that showed that CD8 T cells do not play a role in maintaining latency
(68, 92).

Based on these studies, it can be speculated that the lower levels of PD-1 transcripts
in the mice with high numbers of M2 macrophages may serve as an important
autoprotective mechanism to preserve the integrity of T cells. This would lead to a more
efficient surveillance capacity and an ability of T cells to clear infectious virus more
efficiently, thus leading to a reduction in latency. This, however, is in contrast to our
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observations that FIt3L increases latency and PD-1 expression due to an increase in
CD8a™ DCs (63, 93), whereas GM-CSF reduced latency by enhancing CD8a~ DCs (63).
Notably, in addition to its effect on DCs, GM-CSF also has been reported to be an M1
stimulus (40). Similarly, we found that the level of latency in the GM-CSF-treated mice
was similar to that in IFN-y-treated mice and that GM-CSF was significantly less effective
in reducing latency than CSF-1 (data not shown). Thus, the results of the current study
suggest that CSF-1 treatment, and thus M2 macrophages, may be more effective in
reducing HSV-1 latency than IFN-y treatment, at least in mice. This is consistent with
our published studies showing that the phenotype of the macrophages affects virus
replication and eye disease in ocularly infected mice (9, 16). The concept that treatment
with IFN-y to push the macrophage responses toward an M1 response may act to
exacerbate HSV-1 latency rather than playing a protective role in mice is consistent with
reports of the deleterious effects of the M1 macrophage population on IFN-vy treatment
of atherosclerosis in mice (94). In addition, it has been reported that treatment of
multiple sclerosis patients with recombinant IFN-y exacerbated the disease (95). Sim-
ilarly, we have shown that the central nervous system (CNS) demyelination observed in
HSV IL-2-infected mice was exacerbated on coinfection with recombinant HSV IFN-y
(96). These exacerbations of disease may be associated with shifting the response
toward M1 macrophages, thereby enhancing the production of proinflammatory cyto-
kines and recruitment of fresh immune cells that exacerbate the disease. Indeed, the
symptoms of HSV-induced Bechet disease in mice were ameliorated when the M1/M2
ratio was decreased (97). The roles of M1 and M2 macrophages in protective responses
and disease are not universal, however, and may depend on both the disease process
and the organism. For example, M1 macrophages have bactericidal potential (98, 99),
whereas M2 macrophages promote antiparasitic functions, as well as tissue repair and
remodeling (100). Both M1 and M2 macrophages have been implicated in HIV infec-
tions, with M1 macrophages inhibiting replication of HIV at the early preintegration
stage, whereas M2 macrophages inhibit HIV replication at the postintegration step
(101). With regard to our current in vivo studies, M1 macrophages did not appear to
affect either the primary or latent phase of infection, but M2 macrophages affected
both stages of infection. The lack of efficacy of the M1 macrophages in the in vivo
studies differed from our observation of reduced virus replication in the M1 macro-
phages in the experiments carried out in vitro. One potential explanation for this
discrepancy in the results generated using in vitro and in vivo approaches may be the
absence of other immune cells in vitro. The secretion of proinflammatory cytokines/
chemokines by the M1 macrophages is likely to have a profound effect on the
recruitment and activation of other immune cells in vivo.

Human studies have shown that the innate immune response reduces the severity
of HSV-1 keratitis and its complications (102). The corneal macrophages are the first line
of defense against the infection (103, 104) and control infection in a nonspecific
manner (4). These cells are part of healthy, as well as diseased, corneas (105). However,
no clinical study is available to support the idea that macrophages are infected by
HSV-1. In the present study, we have shown that HSV-1 infection of macrophages, at
both acute and latent phases, is dependent upon the state of cell polarization. We
propose that ocular infection of HSV-1 can be controlled by manipulating the polar-
ization state of the macrophages.

In summary, we present the results of the first study of the effects of macrophage
polarization on HSV-1 replication in vitro and in vivo. We demonstrate that (i) lower virus
replication in vitro was associated with an M1 macrophage phenotype, possibly due to
higher proinflammatory responses, while reduced virus replication in vivo was corre-
lated with an M2 phenotype, possibly due to the presence of other immune cells; (ii)
the M1 macrophage phenotype was correlated with higher virus replication in the eye,
higher latency, and higher T cell exhaustion in vivo; and (iii) the M2 phenotype is
associated with reduced virus replication in the eye, decrease in latency, decrease in the
numbers of T cells, decrease in T cell exhaustion, and lower IFN-y expression in vivo.
Thus, these findings suggest that CSF-1 might be a useful adjuvant for use as part of an
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anti-HSV-1 vaccine. Any vaccination strategy that stimulates the wrong subpopulation
of macrophages may hinder rather than improve overall vaccine efficacy against HSV
infection, as we have shown previously for DCs (63, 106).

MATERIALS AND METHODS

Viruses, cells, and mice. Plaque-purified virulent HSV-1 strain McKrae (wild type) or green fluores-
cent protein-positive (GFP*) HSV was grown in rabbit skin (RS) cell monolayers in minimal essential
medium (MEM) containing 5% fetal calf serum (FCS), as described previously (85, 86). The RAW264.7
mouse macrophage line was obtained from the American Type Culture Collection (ATCC) (Manassas, VA)
and was cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FCS. Female
C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME). All animal procedures
adhered to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of
Animals in Ophthalmic and Vision Research and to institutional animal care and use guidelines.

Peritoneal macrophages. PM were harvested from C57BL/6 mice after expansion by treatment of
the mice with zymosan or thioglycolate (Sigma-Aldrich, St. Louis, MO). The mice were administered 200
wul of 2-mg/ml zymosan in sterile, 0.9% (wt/vol) saline solution or 3% thioglycolate solution in one
intraperitoneal injection. The peritoneal fluid was harvested 72 h later and cultured overnight in DMEM
in 24-well plates. The medium was then removed, and the cells were washed twice with phosphate-
buffered saline (PBS) to remove any floating cells. Adherent cells were recovered by gentle scraping and
subjected to the M1 and M2 macrophage activation protocols.

Activation of macrophages in vitro. The RAW264.7 cells or PM were seeded at 2 X 10° cells/well
in a 24-well plate in DMEM. After overnight incubation, the medium was replaced with either fresh
medium alone, medium containing 50 ng/ml of murine IFN-y (Peprotech, Rocky Hill, NJ) and 100 ng/ml
of LPS (Sigma-Aldrich, St. Louis, MO) for generation of M1 macrophages, or medium containing 10 ng/ml
of murine IL-4 (Peprotech, NJ) for generation of M2 macrophages. The cells were incubated under these
conditions for 24 h prior to infection with HSV-1.

Infection of macrophages in vitro. The monolayers of RAW264.7 cells or PM that were unpolarized
or M1 or M2 polarized were infected with 10 PFU/cell of McKrae or GFP* HSV at 37°C. One hour later,
the infected cells were washed 3 times with PBS, and fresh DMEM was added to each well. Virus was
harvested at 0, 12, 24, and 48 h p.i. by two cycles of freeze-thawing of the cell monolayers with culture
medium. The virus titer was determined using a standard plaque assay on RS cells.

Luminex xMAP immunoassay (magnetic-bead kits). Luminex assays were performed in the
Immune Assessment Core at the University of California, Los Angeles (UCLA). Mouse 32-plex magnetic
cytokine/chemokine kits were purchased from EMD Millipore (Billerica, MA) and used according to the
manufacturer’s instructions. Monolayers of unpolarized M1 or M2 macrophages from either RAW264.7
cells or PM were infected with 10 PFU/cell of McKrae or mock infected for 24 h as described above. Media
from the infected and mock-infected cells were collected, and 25 ul of 1:2-diluted samples was mixed
with 25 ul magnetic beads and allowed to incubate overnight at 4°C with shaking. After washing the
plates twice with wash buffer in a Biotek ELx405 washer, 25 ul of biotinylated detection antibody was
added and incubated for 1 h at room temperature. Streptavidin-phycoerythrin conjugate (25 ul) was
then added to the reaction mixture and incubated for another 30 min at room temperature. Following
two washes, beads were resuspended in sheath fluid, and fluorescence was quantified using a Luminex
200TM instrument.

DNA injection. pUNO1-mCSF-1 and pUNO1-mIFN-y expression plasmids were purchased from
InvivoGen (San Diego, CA). The plasmids were purified using a cesium chloride gradient. Purified DNA
(100 g in a total volume of 50 ul PBS) was injected i.m. into each quadriceps using a 27-gauge needle
on day 0, day 14, and day 28, as described previously (63, 107). For negative controls, mice were injected
with either diluent or empty-vector DNA. There were 10 mice per group in each experiment.

Ocular infection. Three weeks after the third DNA injection, the mice were infected ocularly with 2 X
10° PFU per eye of HSV-1 strain McKrae delivered as an eye drop in 2 ul of tissue culture medium as
described previously (32). Corneal scarification was not performed prior to infection.

Flow cytometry analysis. Before ocular infection and on days 3 and 7 post-ocular infection, the PM
and spleens of DNA-injected mice were harvested. Single-cell suspensions of the spleens were prepared
as described previously (108, 109). The PM or spleen cells (2 X 109) were stained with FC receptor
antibody (BD Biosciences), and subsequently, fluorescein isothiocyanate (FITC)-anti-mouse F4/80 anti-
body (BioLegend, San Diego, CA), propidium iodide (Pl) (BD Biosciences), Alexa Fluor 647-anti mouse
Ly6c antibody (BioLegend), and Pacific Blue-anti mouse CD206 antibody (BioLegend). The stained cells
were washed 2 times in PBS with 1% bovine serum albumin (BSA), and then 5 X 10° cells were acquired
using a BD LSR Il flow cytometer (BD Biosciences, San Jose, CA). The results were analyzed using BD FACS
Diva software (BD Biosciences).

RNA extraction, cDNA synthesis, and TagMan qRT-PCR assay. For cultured cells, total RNA
extraction was carried out the using an RNeasy minikit (Qiagen, Valencia, CA) according to the manu-
facturer’s protocol. For RNA extraction from TG, tissues were collected 4 weeks after infection, immersed
in TRIzol reagent (Applied Biosystems, Foster City, CA), and stored at —80°C until they were processed.
Total RNA extraction was carried out according to the manufacturer’s protocol. Following RNA extraction,
1 ng of total RNA was reverse transcribed using a high-capacity cDNA reverse transcription kit (Applied
Biosystems, CA) according to the manufacturer’s protocol. The mRNA expression levels of the genes of
interest were evaluated using TagMan Gene Expression assays (Applied Biosystems, CA). The TagMan
assays used in this study were (i) NOS2; assay ID (Thermo Fisher), Mm00440502_m1; amplicon size, 66 bp;
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(i) ARG1; MmM00475988_m1; 65 bp; (iii) HVEM (TNFRSF14); Mm00619239_m1; 65 bp; (4) nectin-1 (PVRL1);
Mm00445392_m1; 71 bp; (v) nectin-2 (PVRL2);, Mm00436144_m1; 65 bp; (vi) PILR-a; MmM04211819_m1;
77 bp; (vii) HS-3-O-ST (HS3ST3B1); Mm03052977_s1; 97 bp; (viii) IFN-y; Mm00801778_m1; 101 bp; (ix)
PD-1; Mm00435532_m1; 65 bp; (x) CD4 Mm00442754_m1; 78 bp; (xi) CD8«; MM01182108_m1; 67 bp;
(xii) IFN-a (IFN2A); MmO00833961; 158 bp; (xiii) IFN-B; MmO00439552; 69 bp; and (xiv) GAPDH
(glyceraldehyde-3-phosphate dehydrogenase); Mm99999915_g1; 107 bp. The custom-made LAT assay
used the following primers and probe: forward primer, 5'-GGGTGGGCTCGTGTTACAG-3'; reverse primer,
5'-GGACGGGTAAGTAACAGAGTCTCTA-3'; and probe, 5'- 6-carboxyfluorescein (FAM)-ACACCAGCCCGTT
CTTT-3" (amplicon size, 81 bp, corresponding to LAT nucleotides [nt] 119553 to 119634). GAPDH was
used as a loading control in all experiments. gRT-PCR was performed using an ABI ViiA 7 sequence
detection system (Applied Biosystems) in 384-well plates. Real-time PCR was performed in triplicate for
each tissue sample. The threshold cycle (C,) values, which represent the PCR cycle at which there is a
noticeable increase in the reporter fluorescence above baseline, were determined using SDS 2.2 software.
Copy numbers of LAT RNA were calculated using a standard curve generated using pGEM5317-LAT, as
described previously (86, 106, 110).

Statistical analysis. For all statistical tests, P values less than or equal to 0.05 were considered

statistically significant and are denoted by a single asterisk in the figures. A two-tailed Student t test with
unequal variances was used to compare the differences between two experimental groups. All experi-
ments were repeated at least three times.
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