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Abstract
Alanazi, Yousef Nifaj. M.S. Microbiology and Immunology Graduate Program, Wright State
University, 2018. HSV-1 Replication in different RAW 264.7 and J774.1 macrophage
Phenotypes and Macrophage viability following HSV-1 infection.
HSV-1 is a ubiquitous virus capable of causing lifelong latent infection. The virus
contains a large double strand DNA genome covered by an icosahedral capsid. HSV-1 is a
cytolytic virus which can cause a lethal infection. The virus possesses critical protein ICP0
which is capable of interfering with host cell signaling and eventually prevent cell apoptosis.
Innate immunity plays a crucial role in defense against HSV-1 infection and macrophage plays a
significant role in the innate immune system. Macrophage cells can alter their behavior
depending upon certain stimuli and tissue environments. Naïve macrophage (M0) cells can be
polarized to a pro-inflammatory (M1) macrophage or to an anti-inflammatory (M2) macrophage.
There are subclasses of M2 macrophage which are M2a, M2b and M2c and they are stimulated
with different stimuli. Macrophages phenotypes respond to HSV-1 infection differently and this
study evaluates the viability of RAW 264.7 and J774.1 murine macrophage phenotypes (M0, M1
and M2) responding to HSV-1 infection 24, 48 and 72 hours following HSV-1infection. We also
evaluate replication of HSV-1 in the murine macrophage cell lines and macrophage phenotypes.
The M1 polarized macrophage exhibits the lowest viability among macrophage phenotypes in
RAW 264.7 or J774.1 cell line. Among the M2 subclasses, IL-10 polarized M2 cells
demonstrates markedly lower viability than IL-13 or IL-4 polarized M2 cells 24h and 72h
following HSV-1 infection in RAW 264.7 cells and at 48h and 72h in J774.1 cells. Furthermore,
HSV-1 titer was decreased in M1 macrophage at 24h, 48h and 72h. In M0 and M2 subtypes,
HSV-1 titer was increased markedly during infection. In all macrophage cell lines, IL-10
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polarized M2 cells yielded less HSV-1 Plaque Forming Unite (pfu/ml) than IL-4 polarized M2
cells after 72h of infection in Raw 264.7 or J774.1 cell lines at 72h of infection.
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Literature Review
HSV-1 is a ubiquitous virus and can be simply transmitted from person to person by
direct contact to blister or oral-to-oral contact, for this reason, HSV-1 is common among adults
and about 60 to 90% of population worldwide is infected by HSV (Whitley. (2001)). Primary
infection arises when the virus enters the patients’ body through nasopharyngeal, mouth or
reproductive organs leading to the appearance of lesions. After the immune system compromise
the infection, however, the virus stays latent inside the infected body and can be reactivated
causing fever and blisters. Moreover, HSV-1 is capable of being the source of genital infection
leading to orolabial ulceration (Marchi, (2017)). Symptoms of HSV-1 cane be cured by a variety
of treatments such as Zovirax, Valtrex , and Famvir. However, these medicines are not capable to
eliminate and remove the virus completely. Diagnosis of herpes simplex-1 virus can be
accomplished with the PCR (Polymerase chain reaction) technique to detect the DNA
(deoxynucleic acid) of the virus. HSV-1 contains a large double-strand, linear DNA genome
covered by icosahedral nucleocapsid which is protected by an envelope (lipid layer) that contain
glycoproteins which protrude outward, and between the capsid and outer membrane, is a protein
named tegument (Fig. 1). HSV-1 replication cycle occurs through essential coordinated phases
which are attachment, fusion, uncoating, biosynthesis, reassembly, and finally release.
In defense against HSV-1, Macrophage is an essential large white blood cell in the
mammalian immune system. production of macrophages begins in bone marrow from
multipotential hematopoietic stem cell that differentiates to a common myeloid progenitor and then
to myeloblast and finally to monocyte in the blood which matures to macrophage in tissue or
microglia in the nerve system. Macrophage is spherical nucleated granulated cells and it is a large
cell compared to other blood cells. Macrophage is a significant cell in protecting humans against
1

foreign bodies macrophage can phagocyte pathogens and cell debris and neutralize them.
Furthermore, cleaning the blood or tissue from cell remnants following inflammation and
infection is an essential chore of macrophage. Macrophage are one of the first cells that arrive to
a site of infection and it categorize under innate immune cells. Macrophage plays role in
activation of adaptive immunity and it functions as an antigen presenting cells (APC) by
presenting antigen to other immune cells such as T lymphocyte. Macrophage plays a crucial role
in immunity against HSV-1 and it follows several techniques to assist in HSV-1 elimination.

HSV-1
Herpes simplex virus type one belongs to Herpesviridae family and contains a large
double- strand DNA protected by nucleocapsid, tegument, envelop, and glycoproteins ,which are
on the surface of the outer membrane of the HSV-1 virion. The DNA of the virus consists of 153
kilobases encoding virus proteins and particles and containing 75 open reading frames
(Boehmer, (1997)). Moreover, the genome includes gaps and nicks which are able to revoke
virus infectivity (Smith, (2014)). Nucleocapsid that cover DNA is T=16 icosahedral shape and
the major 4 proteins that build up the capsid are VP5, VP19C, VP23, and VP26. In addition, the
capsid contains Mainor and significant proteins which are UL6, UL15, UL17, UL25, UL28 and
2

UL33 (Homa, (1997)). The main function of capsid proteins is to protect virus DNA from
digestion by enzymes and these proteins support the capsid stability. However, these proteins
have significant functions rather than protecting DNA. VP5, VP19, and VP23 proteins contribute
in viral capsid assembly (Okoye, E., Sexton, L., Huang, E., McCaffery, M., & Desai, P. (2006))
(Dai, (2013)). During infection, VP26 capsid protein propagates transport of viral capsid to the
nucleus of infected cell via dynein/dynactin transport pathway and by interaction of VP26 to
light chains of dynein (RP3, ribosomal protein S3) (Douglas, (2004)). Despite the minority of
UL6, UL15, UL17, UL25, and UL28 capsid proteins, they play a crucial role in HSV-1 maturity
and infectivity. HSV-1 DNA packaging requires interaction of UL6 with UL15 and UL28 to
establish effective DNA packaging complex (White, (2003)). Furthermore, UL17 and UL25
facilitate the after-DNA packaging replication process. In HSV-1 UL-25null mutant, DNA
packaging is only transient while in UL-17 null mutant, the DNA packaging is eliminated
(Cockrell, (2009)) (Salmon, (1998)). In addition to post-DNA packaging function of UL25, in an
experiment conducted by Huffman and colleagues (2017), c-terminus of UL-25, plays an
essential role in releasing Herpes simplex type one genome from capsid to openings on the
nucleus of the infected cell. they used Transmission electron microscopy to evaluate HSV-1 UL25
null DNA releasing

inside an infected cell and they found that viral capsid was accumulated on

nuclear membrane without releasing the viral genome. Indeed, HSV-1 capsid proteins play a
critical role in virus replication with variant function for each capsid protein.

3

Figure. 2: the tegument is collection of variant proteins located between nucleocapsid and
envelope of Herpes simplex virus type 1.
Tegument consists of proteins which are crucial in HSV-1 structure and replication.
VP16 (ICP25) tegument protein is involved in regulation of Herpes simplex type -1 gene
expression. VP26 plays a substantial role in regulation of DNA transcription of HSV-1 and
capsid establishment and evolution (Xu, (2016)). On the other hand, UL36 function is to promote
egress of viral genome inside an infected cell (Cardone, (2012)). Loret, and colleagues (2008),
they utilized mass spectrometry technique to identify novel tegument proteins which are UL55,
UL50, UL23, and UL7; UL7 is included in propagate virus infectivity and assembly (Tanaka,
(2008)) (Roller, (2015)). UL50, however, investigated to play role in metabolism of DNA
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nitrogen base (Kato, (2014)). UL51, Us3, UL37, UL36, UL31, and ICP34.5 tegument molecules
are necessary for regulating budding of virus from nucleus of an infected cell.
HSV-1 contains variant types of glycoproteins located on the surface of the HSV-1
virion; these glycoproteins (Gp) are significant in virus attachment and entry to infected cells.
Glycoprotein B, C, D, H, and L are the major identified glycoproteins of herpes simplex virus 1.
Akhtar and colleagues puplished that (2009) the gB /gC bind to heparan sulfate proteoglycans
(HSPGs) on host cell and facilitate virus-cell attachment. Thereafter, HSV-1 fusion via cell
membrane is required to allow to virus capsid and tegument to enter to host cell; the fusion is
mediated by interaction between gD, gH, and gL with gD receptor leading to conformational
change of gD, consequentially, integration cellular and viral membranes. However, other
receptors and glycoproteins are involved in the fusion process such as Herpes Virus Entry
Mediators (HVEM), PILRα, and Nectin-1/2 receptors (Reproduced from Manservigi et. al.,
(2010) (Šedý, (2008))
Figure 3. HSV-1 attachment and entry process

Macrophage
Macrophage is a large white blood cell and crucial member of our immune system.
Macrophage is derived from circulating monocyte and categorized under innate immunity due to
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its immediate response to attempts of pathogens to invade the human body. Macrophage has
sophisticated defense techniques, which are phagocytosis and antigen presenting (activation of
adaptive immunity), to eliminate pathogens and apoptotic cells. Variant components of
macrophages participate in phagocytosis and the major macrophage molecules that are involved
in this process are macrophage receptors, proteins and enzymes. Macrophages, initially, require
recognizing foreign bodies from self-antigens before they engulf them. Receptors called
“pattern-recognition receptors” (PRRs) are significant in recognizing non-self-antigens by
distinguishing and binding to “pathogen-associated molecular patterns” (PAMPs) on the surface
of pathogens (Janeway CAJ. (1992)). Moreover, Mannose receptor (MR) and DEC 205
identified as receptor involved in recognition of bacterial molecules such as LPS
(lipopolysaccharide) (Sastry (1993)) (Stahl PD, (1998)). Following recognition, phagocytosis is
mediated by Fc receptors including Fcγ RI, Fcγ RIIA, and Fcγ RIII; this chore is accomplished
via phosphorylation ITAM domain of Fc receptors (Ravetch JV. (1997)). In addition to Fc
receptor, CR1, CR3, and CR4 complement receptors promote in macrophage phagocytosis of
opsonized bacteria (Sengelov H. (1995)) (Carroll MC. (1998)). Adequately, Stahl PD and
Ezekowitz RA proposed that mannose receptors play a substantial role in macrophages
phagocytosis and due to high affinity of MR to PAMPS as defined above. Nevertheless,
scavenger- receptor class A and B are more engaged in macrophage phagocytosis of apoptotic
cells (Aderem, (1999)). The other function of macrophage is to present antigens to T cells.
Initially, macrophage is activated by LPS (lipopolysaccharide) present on bacteria or by
interferon-gamma (IFN- γ), which are released during infection from more than one cell such as
T helper CD4, CD8 cells and Natural killer (NK) cells. Following activation, macrophages
initiate cytokines release causing inflammation, furthermore, macrophage express whether
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Major-histocompatibility-complex (MHC) class I or II leading to recruitment CD4 T via MHC I
or CD 8 T cell through MHC II to participate in defending against pathogens (Neefjes, (2011)).

M1 vs M2 macrophage polarization
Naïve macrophages are capable of polarizing to either M1 or M2 upon effect of certain
stimuli. Polarization of M0 (naïve) to M1 is altering the morphology of macrophage while it
appears flattened randomly with noticeable intracellular vacuoles (Reichard, 2012). M1 cells are
proinflammatory cells and when they are activated, they promote phagocytosis, neutralization of
pathogens, and inflammation in infected tissue. Classical activation (M1) of macrophage occurs
due to exposure of macrophage to INF-γ and LPS or TNF-α stimuli. IFN-γ activate M1 via
IFNGR-1 and IFNGR-2 chains of interferon gamma receptor on the surface of macrophage and
JAK (Janus Kinase) /STAT signaling pathway carry the activation signal internally (Hu, (2009)).
However, LPS ligands on the surface of variant types of bacteria are recognized and bound by
TLRs (Toll-Like-Receptors) (Nau, (2002)). TLRs4 play a crucial role in recognition of LPS or
other bacterial antigens and activation of M1 through MaL/Tirap (Toll-interleukin 1 receptor
domain containing adaptor protein) and MyD88-dependent pathways causing induction of proinflammatory cytokines (e.g. IFN-γ, TNF, IL-12, IL-6, and IL-1), (Kayagaki, (2013)) (Hagar,
(2013)). Ultimately, viral infection and Granulocyte macrophage colony-stimulating factor (GMCSF) induce pro-inflammatory cytokines, and therefore encourage M1 polarization. M1
macrophages cooperate with T helper1 via TLR2 in inflammatory situation while M2
macrophages cooperate with Thelper2 in anti-inflammatory condition (Zhu, (2004)).
Nevertheless, M2 are considered as anti-inflammatory macrophages and they appear elongated
without notable vacuoles (Leavy, O. (2013)). In contrast to M1, M2 has 3 major subclasses and
each subtype of M2 is stimulated by different cytokines; m2a is activated by IL-4/IL-13, m2b via
7

IL1R/ IC+TLR and m2c through IL-10 (Mantovani, 2004)). In general, alternative activation
(M2) promotes anti-inflammatory activity by reduction of proinflammatory cytokines and
healing inflamed damaged tissue (Wynn, (2016)).

M1 vs IL-10 vs IL-13/IL-4 induced M2
Despite the common function of IL-10, IL-4, and IL-13, which is polarization of M0 to
M2, each differently polarized M2 possess dissimilar expressed receptors, therefore, they behave
contrary in certain situations. IL-10 binds to macrophage via IL-10 dimer (IL-10R1 and IL10R2) receptor and through several signals, STAT3 will be phosphorylated and proinflammatory cytokines will be eventually inhibited (Martinez, (2014)). However, IL-4 and IL13 trigger signal transduction via IL4Rα1/IL-13 receptors which ultimately activate of STAT6.
following polarization, IL-10 induced M2 express scavenger receptors A/B, CD14, MR, and
Slam receptors. Nevertheless, IL-4/IL-13 induced M2 express CD23, MHC class II and Decoy
IL-1 R type II receptors on the surface, however, they express CD14 in lower amount than IL-10
induced M2 (Mantovani, (2002)).
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Table 1: cytokines production, stimulator and receptors in IL 10 induced M2 (m2c) vs IL 4/IL
13 induced M2 (m2a) vs M1.

M2c
Stimulators

M2a

IL 10

IL 4 or IL 13

M1
IFN-γ
LPS/TNF-α

Major High

CD14

Expressed Receptor CD163
SR-A

Produced Cytokines IL-10
TGF-β

SRs(CD163)

CD86

CD23

CD40

Decoy IL-1 R type

MHC II

II

TLR2&TLR4

IL-10

IL-6

IL-1ra

IL-1
TNF-α
IL-12
IL-23

RAW 264.7 VS J774A.1 Macrophage cell lines
Table 2: Features of RAW 264.7 and J774A.1 macrophage cell lines.
Features/ Macrophage cell

RAW 264.7

J774A.1

source

mouse

mouse

Gender of the source

male

female

disease

Abelson murine leukemia
virus-induced tumor

Reticulum sarcoma

line
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Macrophage activity during HSV-1 infection
Macrophages are a member of innate immunity which respond to HSV-1 infection within
first few hours from infection onset. HSV-1 requires 3-5 days following infection to reach the
peak of replication and immune system require to prevent and eradicate HSV-1 in early stages
before reaching the maximum activity. Therefore, role of M1 is critical in virus elimination and
adaptive immunity activation. M1 follow different cytokines induction pathways in HSV-1
eradication. M1 express TLRs which are substantial in antigen recognition and neutralization.
Cai, M., Li, M., & Zheng, C. (2012) demonstrated that M1 via TLR2 recognize HSV-1 and
initiate signaling pathway which activate nuclear factor kappa B (NF-κB) and eventually release
pro-inflammatory cytokines. Other defense mechanism by M1 against HSV-1 is by chemokine
production. Via HSV-1 ICP0 and Macrophage protein kinase R interaction, M1 macrophages
release CC chemokines RNATES (Melchjorsen, (2002)). These chemokines attract T cells
(especially memory T cell), Natural killer cells (NK), and other myeloid cells to cooperate in
HSV-1 elimination (Kuna, (1998)) (Loetscher, P., Seitz, M., Clark-Lewis, I., Baggiolini, M., &
Moser, B. (1996)) (Schall, (1990)). Ellermann-Eriksen, S. (2005), study the mechanism of early
immunity against HSV-1 and cytokines production, following invasion of HSV-1, macrophages
(M0) initiate releasing INFα/β and TNF in respond to HSV-1 infection and these cytokines
stimulate adjacent macrophage to produce reactive oxygen species (ROS) which inhibit HSV-1
replication. Simultaneously, macrophages produce IL-12 which promotes IFN-γ in NK; INF-γ
then induce nitric oxide (NO) production in macrophages and propagate antiviral phenotype of
INFα/β.
Cell apoptosis is crucial technique in defense against majority of pathogens including
HSV-1. HSV-1 express proteins capable to interact with macrophages components and avoid
10

programmed cell death (apoptosis). Boutell, (2003) proposed that HSV-1 ICP0 interacts and
ubiquitinates p53 Hence suppress cell apoptosis pathway leading to cells survive, Subsequently,
HSV-1 utilizes cells machinery to replicate its genome and to synthesis its proteins.

11

HYPOTHESIS

HSV-1 proliferation is different between the RAW 264.7 and J774.1 macrophage cell lines
and different among macrophage phenotypes (M0, M1, M2 IL-10, M2 IL-13, and M2 IL-4).
The M1 phenotype will decrease HSV-1 replication compared to M2 phenotype in vitro.
RAW 264.7 and J774.1 macrophage cell lines demonstrate different cell viability following
macrophage cytokine polarization and HSV-1 infection. Macrophage phenotypes (M0, M1,
M2 IL-10, M2 IL-13, and M2 IL-4) exhibit variation in viability following cytokine
polarization and HSV-1 infection.
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Methods and Materials
Cell lines and HSV-1
RAW 264.7 and J774A.1 are murine macrophage-like cell lines. J774A.1 cell line is
derived from adult female BALB/cN mice, while RAW 264.7 is obtained from adult male
BALB/C mice from Abelson murine leukemia virus-induced tumor. Both are adherent cell lines
and American Type Culture Collection (ATCC, Manassas, VA) provided them. Dulbecco's
Modified Eagle's Medium (DMEM, HyClone) with 10% Fetal Bovine Serum (FBS) without
utilizing antibiotic, the cell lines were grown in 5% CO2 incubator at 37ºC. Cell lines were
cultured in T-75 seal flask purchased from Thermos Fisher Scientific. Vero cells were derived
from kidney of adult Cercopithecus Aethiops and they are adherent cells. Herpes Simplex Virus
obtained from of Dr. Nancy Sawtell, (Children’s Hospital Medical Center, Cincinnati, OH).

HSV-1 infection and Macrophage Polarization induction
In 6 well plate, 200,000 of either RAW 264.7 or J774.1 was added to 5 wells of the 6
with 3 ml of DMEM prepared medium. Thereafter, cells in one well were polarized to M1 by
adding 20 ng/ml of IFN-γ (biolegend) and 100 ng/ml of LPS. For M2 polarization, 20 ng/ml of
IL-10 (biolegend), IL-13(Peprotech) and IL-4 (biolegend) were added separately to three wells.
The last well from the 5 without additions (M0). 20,000 pfu/ml of HSV-1 0.1 of multiplicity of
infection (MOI) was added to the cells following the polarization in each well.
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Cell Viability
Unpolarized (M0) and polarized (M1 and M2) RAW 264.7 and J774.1 were grown in T25 flask (Fisher Scientific) with and without HSV-1 for 24h, 48h or 72h. The cells were
harvested by scraping from the flask and then centrifuged (1500 rpm for 5 minutes, at 40 C). The
supernatants were aspirated, and the cells were suspended in 1 ml medium. 100µl of cell
suspension were mixed with 100µl of Trypan blue dye (Fisher Scientific). 10µl of mixture were
used in hemocytometry. The dead cells appeared blue under microscope at 10X. cell viability
calculated by using following equation;
% Cell Viability = [Total Viable cells / Total cells] X 100.

Plaque Assay
24h, 48h or 72h following HSV-1 infection, macrophages were harvested and
centrifuged at 11000 rpm for 10 minutes to separate virus from cells. Supernatants were
collected to count virus particles in each sample. Vero cells were seeded in 6 well plates and
incubated in 5% CO2 at 370C to 90-100% confluence (observed). Supernatants were diluted
serially by adding 100 µl of supernatants to 900 µl of DMEM 0% FBS to first tube and then
drawing 100 µl from the first tube to the second tube containing 900 µl DMEM 0%FBS and so
on until dilution factor number 8 (Figure 4). Thereafter, 1ml of each tube was added to 90-100%
confluent Vero cells and incubated for 1 hour in 5%CO2 at 370C. Supernatants were aspirated
following incubation and 4% methyl cellulose overlaid on each well to limit virus movement and
incubated. 72h following incubation plaques were visualized. Cells were fixed for 30 minutes by
4% formaldehyde, then the gel and fixation solution aspirated, and cells stained by crystal violet
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dye for 5 minutes. Plaques was counted and the following equation was used to calculate virus
titers;
Number of plaques / (dilution factor × added volume) = pfu/ml

Figure 4. Serial dilution of the HSV-1

Figure 5. HSV-1 Plaque appearance after staining.
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Results
Cell viability of unpolarized (M0) and polarized M1 and M2 macrophages
with and without HSV-1 infection.
Uninfected and HSV-1 (MOI 0.1) infected RAW 264.7 cell viability.
The cell viability was evaluated by the trypan blue exclusion technique for uninfected
and HSV-1 infected murine RAW 264.7 at 24h, 48h, and, 72h for unpolarized (M0) and
polarized M1 and M2s macrophages. The stimulation of M1 polarization is by IFN-γ and LPS;
however, M2 polarization is induced separately by IL-10, IL-13 or IL-4. The polarization and
HSV-1 infection impact the different macrophage phenotypes viability in RAW 264.7.
The uninfected murine RAW 264.7 illustrate variation in viability among macrophage
phenotypes. M0 (92%), M2 IL-10 (90%), M2 IL-13 (91%), and IL-4 (89%) demonstrate a
significantly higher viability than M1 (49%) phenotype at 24h (Fig.8). However, in comparison
among M0, M2 IL-10, M2 IL-13, M2 IL-4 there was no significant difference in the viability at
24h. Similarly, at 48h, the significance was between M1 (41%) and the rest of macrophages
phenotypes and M1 was less viable than the others(Fig.12). At 72h, M1 (50%) continuously
illustrate a significant less viability than the others. In comparison among M2 IL-10, M2 IL-13
and M2 IL-4, M2 IL-13 (89%) and M2 IL-4 (85.3%) demonstrate insignificantly higher viability
than M2 IL-10(81%) at 72h(Fig.16).
HSV-1 infected (MOI 0.1) murine RAW 264.7 differ in viability depending on
macrophages phenotypes. Following HSV-1 infection, M1 shows the lowest viability compared
to M0, M2 IL-10, M2 IL-13, and, M2 IL-4 at 24, 48 and 72h(Fig.9,13,17). Correspondingly, M2
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IL-13 (85%) and M2 IL-4 (86%) denote significantly higher cell viability percentage than M2
IL-10 (75%) at 24h(Fig.9). In contrast, there was no significant difference between M0 and M2
macrophages.

Uninfected and HSV-1 (MOI 0.1) infected J774.1 cell viability.
Uninfected J774.1 reveal unequal cell viability of unpolarized and M1 or M2 polarized
murine macrophages. Like RAW 264.7, J774.1 M1 viability decreased dramatically following
polarization and they revealed the lowest survival percentage among macrophage phenotypes at
24h, 48h, and 72h(Fig.6,10,14). In comparison among M2 subtypes, M2 IL-13 (88%) and M2
IL-4 (89%) reveal higher viability than M2 IL-10 (74%) at 48h(Fig.10).
HSV-1 (MOI 0.1) infected J774.1 demonstrated diverse viability amid macrophage
phenotypes. Despite the increase in M1 viability following HSV-1 infection, they still exhibited
the lowest viability compared to other phenotypes of macrophages (M0, M2 IL-10, M2 IL-13,
and M2 IL-4) at all time points (24h, 48h, and 72h) (Fig.7,11&15). In comparison among M2 IL10, M2 IL-13 and M2 IL-4, M2 IL-13 and M2 IL-4 demonstrate higher viability percentage at
48h and 72h(Fig.11&15). However, difference in viability between the M0 and M2 subclasses
was not noticeable.

HSV-1 titers in different macrophage phenotypes (M0, M1, M2 IL-10, M2 IL13, and M2 IL-4).
HSV-1 replication results in murine RAW 264.7 cell line at 24h, 48, and 72h.
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unpolarized (M0), M1 polarized, M2 IL-10 polarized, M2 IL-13 polarized, and M2 IL-4
polarized phenotypes RAW 264.7 were infected with HSV-1 (MOI 0.1). The HSV-1 infection
followed macrophage polarization and the plaque assay technique was utilized to assess the virus
titers.
In murine RAW 264.7, the virus yield in M1 (10300 pfu/ml) was significantly less than
M0 (17×103 pfu/ml), M2 IL-10 (18×103 pfu/ml), M2 IL-13 (14×103 pfu/ml), or M2 IL-4 (15805
pfu/ml) at 24h(Fig.18). Nevertheless, there was critical a difference in comparison among M0
and M2 subclasses. Similarly, at 48h, HSV-1 significantly decreased to yield lowest titers in M1
(2833 pfu/ml) among all macrophages phenotypes (Fig. 20). However, virus in M0 (15×104
pfu/ml) and M2 IL-4 (14×104 pfu/ml) yield critically higher titers than M2 IL-10 (8×104 pfu/ml)
and M2 IL-13 (5×104 pfu/ml). At 72h, the virus was able to replicate and increase for more than
100-fold in M2 IL-10 (12×106 pfu/ml), M2 IL-13 (17×106 pfu/ml) and M2 IL-4 (22×106 pfu/ml)
and significantly in lower rate in M0 (9×106 pfu/ml) it increased 60-fold from 48h. However, the
virus could not replicate and increase its titers in M1 and the pfu/ml was decreased 2.5-fold from
48h to 72h (Table. 3).

HSV-1 replication results in murine J774.1 cell line at 24h, 48, and 72h.
In comparison between virus replication capability in RAW 264.7 vs J774.1, the virus
titers were lower in J774.1 cell line than RAW 264.7 cell line. Except in M1 polarized
macrophage, HSV-1 can replicate its genome in murine J774.1cell line before and following
polarization. At 24h following HSV-1 infection, M1cells (1900 pfu/ml) significantly exhibited
the lowest virus titers among all macrophage phenotypes (M0 (3286 pfu/ml), M2 IL-10 (6500
pfu/ml), M2 IL-13 (8000 pfu/ml), and M2 IL-4 (7000 pfu/ml) (Fig.19). In addition, virus pfu/ml
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demonstrates similar results at 48h and at 72h, which M1shows the lowest virus
titers(Fig.21&23). In comparison among M2 subclasses, no considerable difference was
observed at 24h and 48h. However, at 72h, M2 IL-4 critically reveals the highest virus titers
(16700 pfu/ml) compared to M0 (10700 pfu/ml), M1 (200 pfu/ml), M2 IL-13 (8100 pfu/ml), and
M2 IL-10 (2700 pfu/ml) (Fig.24).

Statistical analysis
the statistical analysis has done by utilizing Sigma Plot program. the standard error and
the mean of the three experiments was confirmed by the Sigma Plot one-way Anova data
analysis. Moreover, the significance also was determined by utilizing one way a nova analysis,
which evaluate the significance depending upon P-value (***, p <0.001; **, p< 0.010; *, p <0.05)
for the three independent experiments.
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Cell Viability Results

Uninfected J774.1 cell at 24h
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Figure 6: Cell viability of uninfected J774.1 for unpolarized (M0) and Polarized
(M2, M1) 24h following polarization. Percentages of viability are shown as the
mean of three independent experiments and error bars represent standard error (***,
p <0.001; **, p< 0.010; *, p <0.05).
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Figure 7: Cell viability of HSV-infected J774.1 for unpolarized (M0) and
Polarized (M2, M1) 24h following polarization. Percentages of viability are shown
as the mean of three independent experiments and error bars represent standard
error (***, p <0.001; **, p< 0.010; *, p <0.05).
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Figure 8: Cell viability of uninfected murine RAW 264.7 unpolarized (M0) and
Polarized (M2, M1) 24h following polarization. Percentages of viability are shown
as the mean of three independent experiments and error bars represent standard
error (***, p <0.001; **, p< 0.010; *, p <0.05).
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100
90

**

80

**

***

***

***
***

Cell Viability %

70
60
50
40
30
20
10
0
M0

M1

M2 IL-10

M2 IL-13

M2 IL-4

Figure 9: Cell viability of HSV-1 infected murine RAW 264.7 unpolarized (M0)
and Polarized (M2, M1) 24h following polarization. Percentages of viability are
shown as the mean of three independent experiments and error bars represent
standard error (***, p <0.001; **, p< 0.010; *, p <0.05).
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Uninfected J77 at 48h
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Figure 10: Cell viability of uninfected murine J774.1 unpolarized (M0) and
Polarized (M2, M1) macrophages at 48h following polarization. Percentages of
viability are shown as the mean of three independent experiments and error bars
represent standard error (***, p <0.001; **, p< 0.010; *, p <0.05).
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Figure 11: Cell viability of HSV-1 infected murine J774.1 unpolarized (M0) and
Polarized (M2, M1) at 48h following polarization. Percentages of viability are
shown as the mean of three independent experiments and error bars represent
standard error (***, p <0.001; **, p< 0.010; *, p <0.05).
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Figure 12: Cell viability of uninfected murine RAW 264.7 unpolarized (M0) and
Polarized (M2, M1) at 48h following polarization. Percentages of viability are
shown as the mean of three independent experiments and error bars represent
standard error (***, p <0.001; **, p< 0.010; *, p <0.05).
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Infected RAW cells 48h
100

***

90
80

Cell viability %

70
60
50
40
30
20
10
0
M0

M1

M2 IL-10

M2 IL-13

M2 IL-4

Figure 13: Cell viability of HSV-1 infected murine RAW 264.7 unpolarized (M0)
and Polarized (M2, M1) at 48h following polarization. Percentages of viability are
shown as the mean of three independent experiments and error bars represent
standard error (***, p <0.001; **, p< 0.010; *, p <0.05).
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Figure 14: Cell viability of uninfected murine RAW 264.7 unpolarized (M0) and
Polarized (M2, M1) at 72h following polarization. Percentages of viability are
shown as the mean of three independent experiments and error bars represent
standard error (***, p <0.001; **, p< 0.010; *, p <0.05).
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Figure 15: Cell viability of HSV-1 infected murine RAW 264.7 unpolarized (M0)
and Polarized (M2, M1) at 72h following polarization. Percentages of viability are
shown as the mean of three independent experiments and error bars represent
standard error (***, p <0.001; **, p< 0.010; *, p <0.05).
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Uninfected J774.1 at 72h
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Figure 16: Cell viability of uninfected murine J774.1 unpolarized (M0) and
Polarized (M2, M1) at 72h following polarization. Percentages of viability are
shown as the mean of three independent experiments and error bars represent
standard error (***, p <0.001; **, p< 0.010; *, p <0.05).
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Infected J774.1 at 72h
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Figure 17: Cell viability of HSV-1 infected murine J774.1 unpolarized (M0) and
Polarized (M2, M1) at 72h following polarization. Percentages of viability are
shown as the mean of three independent experiments and error bars represent
standard error (***, p <0.001; **, p< 0.010; *, p <0.05).
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HSV Titers Results
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Figure 18: HSV-1titer in murine RAW 264.7 unpolarized (M0) and Polarized
(M2, M1) at 24h following polarization. Pfu/ml results are shown as the mean of
three independent experiments and error bars represent standard error (***, p <0.001;
**, p< 0.010; *, p <0.05).
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HSV-1 Pfu/ml in J774.1 at 24h
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Figure 19: HSV-1titer in murine J774.1 unpolarized (M0) and Polarized (M2, M1)
at 24h following polarization. Pfu/ml results are shown as the mean of three
independent experiments and error bars represent standard error (***, p <0.001; **, p<
0.010; *, p <0.05).
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HSV pfu/ml in RAW at 48h
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Figure 20: HSV-1titer in murine RAW 264.7 unpolarized (M0) and Polarized
(M2, M1) at 48h following polarization. Pfu/ml results are shown as the mean of
three independent experiments and error bars represent standard error (***, p <0.001;
**, p< 0.010; *, p <0.05).
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HSV-1 Pfu/ml in J774.1 at 48h
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Figure 21: HSV-1titer in murine J774.1 unpolarized (M0) and Polarized (M2, M1)
at 48h following polarization. Pfu/ml results are shown as the mean of three
independent experiments and error bars represent standard error (***, p <0.001; **, p<
0.010; *, p <0.05).
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HSV Pfu/ml in RAW at 72h
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Figure 22: HSV-1titer in murine RAW 264.7 unpolarized (M0) and Polarized
(M2, M1) at 72h following polarization. Pfu/ml results are shown as the mean of
three independent experiments and error bars represent standard error (***, p <0.001;
**, p< 0.010; *, p <0.05).
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Figure 23: HSV-1titer in murine J774.1 unpolarized (M0) and Polarized (M2, M1)
at 72h following polarization. Pfu/ml results are shown as the mean of three
independent experiments and error bars represent standard error (***, p <0.001; **, p<
0.010; *, p <0.05).

37

HSV-1 Titers at 24h
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Figure 24: HSV-1titer in murine RAW 264.7 and J774.1 unpolarized (M0) and
Polarized (M2, M1) at 24h following polarization. Pfu/ml results are shown as the
mean of three independent experiments and error bars represent standard error (***,
p <0.001; **, p< 0.010; *, p <0.05).
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HSV-1 Titiers at 48h
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Figure 25: HSV-1titer in murine RAW 264.7 and J774.1 unpolarized (M0) and
Polarized (M2, M1) at 48h following polarization. Pfu/ml results are shown as the
mean of three independent experiments and error bars represent standard error (***,
p <0.001; **, p< 0.010; *, p <0.05).
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HSV-1 pfu/ml in RAW and J774.1 at 72h
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Table 3. HSV-1 Titers in unpolarized(M0), M1, and M2 (IL-10, 13 and 4) polarized RAW
macrophage from 48h to 72h
Pfu/ml
At 48h

Macrophage/ HSV-1 titer

Pfu/ml
At 72h

3

6

(10 )
M0

156

M1

2

(10 )
9

Fold increase from
48h to 72h after
infection

(Fold)
60 Increased

.001

2.5 Decreased

M2 IL-10

86

12

+100 Increased

M2 IL-13

54

17

+100 Increased

M2 IL-4

140

22

+100 Increased
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Table 4: HSV-1 titer per viable RAW 264.7 or J774A.1 cells after 24h of Macrophage
polarization and HSV-1 infection.

PHYNOTYPE/CELL

RAW 264.7

J774.1

Difference

LINE

(10-3) (pfu/cell)

(10-3) (pfu/cell)

between RAW
and J774.1 in
pfu/cell
(FOLD)

M0

110

20

6

M1

101

19

5

M2 IL-10

113

40

3

M2 IL-13

127

48

3

M2 IL-4

129

43

3

42

Table 5: HSV-1 titer per viable RAW 264.7 or J774A.1 cells after 48h of Macrophage
polarization and HSV-1 infection

PHYNOTYPE/CELL

RAW 264.7

J774.1

Difference in

LINE

(10-3) (pfu/cell)

(10-3) (pfu/cell)

pfu/cell between
RAW and J774.1
(FOLD)

M0

960

23

42

M1

32

9

4

M2 IL-10

540

28

19

M2 IL-13

320

25

13

M2 IL-4

810

27

30

43

Table 6: HSV-1 titer per viable RAW 264.7 or J774A.1 cells after 72h of Macrophage
polarization and HSV-1 infection.

PHYNOTYPE/CELL

RAW 264.7

J774.1

Difference in

LINE

(10-1) (pfu/cell)

(10-3) (pfu/cell)

pfu/cell between
RAW and J774.1
(FOLD)
(102)

M0

540

65

8

M1

0.1

1

0.1

M2 IL-10

70

16

4

M2 IL-13

940

46

20

M2 IL-4

1190

92

12
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Discussion and Future Studies
The M1 cytokine polarization significantly decreases the RAW 246.7 and J774.1
macrophage viability. However, polarization of the macrophage cell lines to the M2 phenotypes
does not impact the cell viability. The Trypan blue exclusion method was utilized to evaluate the
macrophage viability 24h, 48h and 72h following macrophage polarization. The M1 macrophage
exhibits reduced viability in all the time points in both RAW 264.7 and J774.1 cell lines.
Meanwhile, the M2 phenotypes reveal non-significant difference in the RAW 264.7 and J774.1
viability. These findings correlate with the studies done by Reichard (2012) and AlSharif (2015).
The decrease in the M1 viability was caused by several possible reasons. Initially, naïve
macrophage cells were treated by LPS and INF-γ to polarize them to M1 phenotype and the
toxicity of LPS leads to cell apoptosis (Yamamoto, (1994)). In addition, the considerable
production of pro-inflammatory cytokines in the M1 phenotype induces the cell apoptosis and
cell necrosis. Reactive oxygen spices (ROS) and nitric oxide (NO) are induced in significant
amount from M1 macrophage; these chemicals critically decrease macrophage viability (Dey,
(2014)) (Albina, (1998)). Among M2 macrophage subclasses, IL 10 induced M2 demonstrate
significantly lower viability than IL 13/4 induced M2 24h and 72h following HSV-1 infection in
RAW 264.7 and at 48h in J774.1; this reduction is caused by the higher production of TNF-α in
IL 10 induced M2 than IL 13/4 induced M2 and TNF- α essential cause of cell apoptosis
AlSharif (2015). In addition, IL 10-induced M2 reveals lower mitochondrial respiration than IL13/4 induced M2 this may lead to the lower cell viability (Jenkins, Mary). In comparison
between RAW 264.7 and J774.1 macrophage cell lines, RAW 264.7 denotes higher viability than
J774.1 in all time points and that’s may result of superior induction of NO in the J774.1 over the
RAW 264.7
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M1 macrophage phenotype plays a critical role in elimination of microbes and inhibition
microbial replication. However, M2 phenotypes are considered as anti-inflammatory cells with
limited capability of eliminating infectious diseases. In current study Plaque assay technique was
used to assess the HSV-1 titer in different RAW and J774.1 macrophage phenotypes (M0, M1
and M2 subclasses); We found the RAW 264.7 and J774.1 macrophage M1 phenotype reduces
the HSV-1 replication; meanwhile naïve macrophage and macrophage M2 phenotypes promote
HSV-1 replication at 24h, 48h and 72h. the reduction in virus titer in the M1 is a result of high
production of pro-inflammatory cytokines such as IFN-γ which plays a pivotal role in inhibiting
virus replication. Furthermore, M1 phenotype induces ROS and NO production during viral
infection and they are substantial in abrogation of viral proliferation. Study published by Saura,
M (1999) confirm this study findings that NO impedes viral replication by inhibiting viral
protease enzyme. In comparison among M2 subtypes, IL-2 induced M2 illustrates less virus titer
than IL-13 and 4 induced M2 after 72h of HSV-1 infection. This result suggests that despite the
anti-inflammatory activity of IL-10 induced M2 cells, they reveal slight pro-inflammatory
activity during HSV-1 infection compared to the other M2 phenotypes. The results of this study
support a study demonstrated by (Jenkins, 2018); they propose that IL-10 induced M2 and M0
illustrate less mitochondrial oxygen consumption than IL-13 and 4 induced M2. Therefore, the
IL-10 induced M2 produce less ATP than IL-13 and 4 induced M2; subsequently, HSV-1 in
demand of excessive ATP to replicate its genome and IL-13 and 4 induced M2 provide the
favorable ATP environment for HSV-1 proliferation.
We evaluate the difference in HSV-1 titer between RAW 264.7 and J774.1 at 24h, 48h
and 72h of HSV-1 infection. Our results demonstrate that J774.1 yield less virus titer than RAW
264.7 macrophage. These findings suggest that J774.1 cells are more capable of reducing HSV-1
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replication compared to RAW 264.7. the reduction of HSV-1 titer in J774.1 can caused by the
high induction of NO in J774.1 over RAW 246.7. Our findings confirm what Lina, W. and
colleagues observed; they treated RAW 264.7 and J774.1 with LPS and Prostaglandin E2 to
stimulate NO induction and they found that production of NO in J774.1 was significantly higher
than RAW 264.7 and the NO limits virus replication by inhibiting the virus protease enzyme
(Saura, M (1999)).
In this study, the supernatant of HSV-macrophage incubation was preserved in -80 °C for
3 to 4 weeks which may somewhat affect the virus infectivity and the plaque assay technique
relies upon the virus infectivity to produce countable plaque. Therefore, the results of virus
pfu/ml could be less than the actual titer of the HSV-1. We suggest that immediate plaque assay
experiment will provide more accurate results of the virus pfu/ml. In addition to the virus storing
method, in this study, we did not inhibit the NO and assess the HSV-1 pfu/ml in order to confirm
the impact of NO on virus replication; thus, it would be supportive in future study to evaluate
virus pfu/ml following NO inhibition.
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Future Studies
Macrophages undoubtedly play critical roles in the evolution and resolution of cold
sores/fever blisters. In recurrent herpes infection, Cunningham and Noble (1989) noted that
macrophages/monocytes infiltrated the lesion site from 12 hours to 6 days after HSV-1
reactivation. Based on the observations of the present study in which HSV-1 replication was
depleted over a 72 hours period in either RAW 264.7 or J774A.1 murine macrophages, one
would expect to find these monocytes being converted by cytokines present in the inflammatory
infiltrates such as TNF-α to the M1 phenotype during the first 24 hour after reactivation. Using
immunocytochemistry, future studies would be able to identify the phenotype of these
macrophage which should stain for intracellular production of proinflammatory cytokines -TNFα, IL-1β, and IL-6. Because these lesions typically resolve within 7 to 10 days, virus will have
been destroyed and macrophages present in resolving lesions 7 should resemble the M2
phenotype exhibiting intracellular staining for the anti-inflammatory cytokine IL-10.
Jenkins et al (2018) found the HSV-1 inhibited both glycolysis and mitochondrial
replication, which has not been reported for other viruses. Future studies can be directed to study
the mechanism whereby M1 polarization of the RAW 264.7 macrophages shut down
mitochondrial respiration causing the cell to rely on the minimal glycolysis remaining. HSV-1
stimulates the cell to produce inflammatory cytokines resulting in activation of nitric oxide (NO)
production in the cell which then causes suppression of the oxygen consumption rate. Lina
(1999) showed that NO is produced by both RAW 264.1 and J774A.1 murine macrophages
during HSV-1 infection. Future studies could use inhibitor of nitric oxide dismutase to prevent
NO production by these two macrophage lines and then determine whether oxygen consumption
rates were suppressed using extracellular flux analysis.
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