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SURFACE DOWN-MODULATION OF MICA IN MALIGNANT GLIOMA CELLS
BY HSV

Carl Irwin Odom
BASIC MEDICAL SCIENCE
ABSTRACT

Glioblastoma Multiforme is a primary malignancy of the central nervous system
and is fatal for patients despite surgical resection and radiotherapy. Oncolytic Herpes
Simplex Virus (0HSV) vectors deleted of the y,34.5 neurovirulence gene are potential
therapies for treating glioblastoma tumors. Although replication in permissive cells is
considered the primary mechanism of oHSV mediated tumor clearance, there is evidence
that the immune system is part of the tumor clearance mechanism during treatment with
oncolytic viruses. Specifically, natural killer (NK) cells may be important for tumor
clearance during oHSV therapy. NK cell activation relies partially on the stimulation of
activating or inhibitory receptors and their respective ligands encountered on the surfaces
of stressed cells. One of the most important and well studied receptor/ligand pairs is the
natural killer cell activating receptor Natural Killer Group 2 member D (NKG2D) and the
ligand MHC-class-I-polypeptide-related chain A (MICA). Members of the herpes family
of viruses have evolved mechanisms of down-modulating MICA surface expression to
prevent NK cell activation. This phenomenon is observed with HSV type-1 infection of
epithelial tumor lines, yet the mechanism of action is currently unknown. In this work,
we tested the hypothesis that HSV infection down-modulates MICA on glioma cells, a
phenomenon which could negatively impact the NK cell mediated anti-tumor activity of
oHSV. Specificity of MICA down-modulation was studied by analyzing another surface

membrane protein, transferrin receptor. The contribution of Virion Host Shut-off (VHS)



protein to MICA mRNA degradation as a possible mechanism to surface protein down-
modulation was studied by utilization of a VHS deleted virus. These studies demonstrate
that MICA is down-modulated from the surface and interior of glioma cells during HSV
infection and that down-modulation is specific to MICA compared to levels of transferrin
receptor, which in contrast were increased. Comparison of mRNA and protein levels
during wild type and VHS deleted recombinant infection suggests that VHS contributes
to MICA mRNA degradation but not to protein down-modulation. Continued studies to
identify the mechanism of MICA surface down-modulation and will allow for design of
oHSV vectors able to optimize anti-tumor immune responses and prolong patient

survival.

Keywords: Glioblastoma Multiforme, Herpes Simplex Virus, Natural Killer cell, MHC-
class-I-polypeptide-related chain A (MICA), Virion Host Shut-off, Natural Killer Group
2 member D (NKG2D)
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INTRODUCTION

This thesis fulfills part of the requirements to complete the Master of Science
degree in basic medical science and the TL1 training program offered through the Center
for Clinical and Translation Science. It is composed of a review article focused on the
herpesvirdae mechanisms for evading natural killer (NK) cell recognition and an original
research manuscript analyzing herpes simplex virus type-1 (HSV-1) down-modulation of
MHC-class-I-polypeptide-related sequence A (MICA) on HeLa and malignant glioma
cells. MICA is a stress induced ligand found to be upregulated on numerous tumor cell
lines, including malignant gliomas (1, 2), that engages the NK cell activating Natural
Killer Group 2 Member D (NKG2D) receptor.

The presence of immuno-modulating proteins has implications for the treatment
of such tumors. Glioblastoma multiforme (GBM) is a primary tumor of the central
nervous system that primarily affects adults and has a very poor prognosis despite
surgical resection and radiotherapy (3). Oncolytic herpes simplex viruses (0HSV) are
oncolytic vectors developed for treatment of GBM with proven clinical safety in phase I
clinical trials (4, 5). These viruses are attenuated through deletions or mutations of the
HSV-1 v,34.5 neurovirulance gene, allowing replication and lysis within tumor cells. In
addition to direct lysis, studies utilizing oHSVs expressing immunomodulating cytokines
demonstrate a role for the immune response in tumor clearance. An increase in immune
infiltration and anti-tumor efficacy against murine glioma models has been reported in

treatment with oHSV engineered to express immunostimulatory cytokine IL-12 or



chemokine CCL2 (6). In a phase Ib clinical trial utilizing G207, a clinical grade oHSV,
gene expression studies of GBM resections from patients with a greater response to
treatment as measured by prolonged survival demonstrated an increased expression of
NK cell associated markers CD16, NKG2D, and DAP-10 along with mediators of
cytotoxicity namely perforin, granzyme, and TRAIL (unpublished data). This is
suggestive that in addition to direct lysis, the NK cell response may be important for the
efficacy of tumor clearance during treatment with oHSV vectors leading to prolonged
patient survival.

The review article presented, which is accepted for publication in the journal
Advances in Virology, was written in order to gain better insight into the current literature
regarding not only NKG2D and MICA, but also other NK cell regulatory receptors, their
ligands, and modulation during herpes virus infection. The publication summarizes the
activating and inhibitory receptors on the surfaces of NK cells and provides references
for their structure and function. The corresponding ligands of these receptors are also
summarized with references to their regulation on healthy and stressed cells and
interaction with receptors. The publication also summarizes the immunoevasins that
target NK cell regulatory receptors or ligands used by each member of the herpes virus
family. This includes the current understanding of MICA modulation during HSV-1
infection and highlights the discrepancies between viruses in the knowledge regarding
their innate immune evasion tactics.

Based on the current knowledge of MICA modulation by HSV-1 infection,
experiments were performed which form the basis for the original research manuscript

under preparation presented here. Very few studies have investigated the modulation of



MICA during HSV-1 infection and none have reported any modulation specifically on
malignant glioma cells. It is hypothesized that HSV-1 down-modulates MICA from the
surface of glioma cells in order to prevent NK cell activation, and because of the potential
importance of the NK cell response in oHSV anti-tumor efficacy, this MICA down-
modulation could adversely affect oHSV treatment. The studies performed test this
hypothesis and analyze the behavior of MICA presentation and translation during HSV-1
infection compared to uninfected conditions and the behavior of another trans-membrane
protein. Studies also attempt to elucidate the mechanism of HSV-1 mediated down-
modulation. A better understanding of this mechanism can lead to engineered oHSV

vectors able to optimize NK cell activation and anti-tumor activity as a result.
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Abstract

Human herpesviruses cause diseases of considerable morbidity and mortality,
ranging from encephalitis to hematologic malignancies. As evidence emerges about the
role of innate immunity and natural killer (NK) cells in the control of herpesvirus
infection, evidence of viral methods of innate immune evasion grows as well. These
methods include interference with the ligands on infected cell surfaces that bind NK cell
activating or inhibitory receptors. This review summarizes the most extensively studied
NK cell receptor/ligand pairs and then describes the methods of NK cell evasion used by
all eight herpesviruses through these receptors and ligands. Although great strides have
been made in elucidating their mechanisms, there is still a disparity between viruses in
the amount of knowledge regarding innate immune evasion. Further research of
herpesvirus innate immune evasion can provide insight for circumventing viral
mechanisms in future therapies.

L. Introduction (Herpesviridae and Disease)

The human herpes family of viruses includes human cytomegalovirus (HCMV),
Kaposi’s sarcoma herpesvirus (KSHV), Herpes Simplex Virus types 1 and 2 (HSV-1, 2),
varicella zoster virus (VZV), Epstein-Barr virus (EBV), and human herpesvirus 6 and 7
(HHV®6, 7). These viruses share similar characteristics: all contain linear double stranded
DNA, are enveloped, and undergo latent and lytic lifecycles. However, there are
important differences between these viruses in terms of infection niche and immune
evasion strategies for persistent infection.

Herpesviridae evasion of adaptive immune responses has been previously

described [1-4]. This article will focus on Herpesvirus innate immune evasion,



specifically viral evasion of the natural killer (NK) cells response. Reviews on broad
interactions between viruses and NK cells can be found in references [5-8]. The role of
NK cells in controlling herpes viral infections become apparent in consideration that
multiple herpes infections have been documented in patients lacking NK cells [9] and
evidence of NK activation during viral infection [10-13].
II. NK cells and activation

NK cells are important innate immune cells involved in the regulation of viral
infection [14, 15]. They are a lymphocyte subset of the innate immune system that kill
without prior exposure and sensitization to antigens via release of granzymes, perforin,
TRAIL, and FAS ligand [16]. NK cells are regulated through surface receptor
interactions with ligands expressed on stressed cells, such as virally infected or
malignantly transformed cells. NK cells possess both activating and inhibitory cell
surface receptors - it is the balance of ligand interactions with these receptors that
determine NK cell activation. The structures, functions, and signaling mechanisms of
these receptors and their ligands are comprehensively reviewed in references [16-21]. In
addition to receptor-mediated regulation, cytokines induced during viral infection (IL-15,
IL-12, IL-8, IFN-a, and IFN-B), can indirectly activate NK cells as well [6]. A summary
of the receptors present on NK cells and associated ligands most relevant to immune
evasion by human herpesviruses is provided below.
A. Activating Receptors and Ligands

Natural Killer Group 2 Member D (NKG2D) receptor: NKG2D is a receptor
found prominently on NK cells that provides activation signals through the co-receptor

DAP-10 upon ligand binding. The ligands that bind NKG2D include: 1) the MHC-I like



molecules MHC-class-I-polypeptide-related sequence A (MICA) and B (MICB), 2)
UL16 Binding Proteins (ULBP1-4 and 6) and 3) Retinoic Acid Early Transcript 1G
(RAETI1G). This interaction with multiple activating ligands is unique to NKG2D and
does not occur with the other NK cell activating receptors [22, 23]. Investigators have
proposed that this development of multiple activating ligands is a co-evolutionary
responses to viral or tumor pressure [22]. The structures of MICA and MICB are similar
to MHC-I with alpha domains, however they do not engage f2-microglobulin [24-26].
Surface expression of these ligands is normally absent or low on healthy cells and
increases upon events of cellular stress such as viral infection, DNA damage, oxidative
stress, and oncogenic stress [22, 27-30]. MICA is noted to have a large polymorphic
distribution, with over 73 alleles identified [31]. A subset group of MICA alleles contains
a frameshift mutation resulting in a premature stop codon and subsequent truncation of
the cytoplasmic C-terminus. Interestingly, the MICA allele *008 encodes a truncated
protein and is the most frequently distributed MICA allele in various populations across
the world [32-39]. ULBP1-4 and RAET1 have alphal and alpha2 domains similar to
MICA/B, however unlike MICA/B they do not contain alpha3 domains and their mRNA
is expressed at low levels even in normal cells without corresponding surface expression
[23, 40].

Natural Cytotoxicity Receptors (NCRs): The NCRs contain immunoglobulin
(Ig)-like domains and include NKp30, NKp44, NKp46, and NKp80 [41, 42]. A role for
NCRs has been implicated in the prognosis of leukemia [43, 44] and the
recognition/killing of various solid tumors [45, 46]. Only NKp30 has a confirmed ligand,

the tumor ligand B7-H6 [47, 48]. Additional ligands for the NCRs are unknown, although



possible ligands have been identified and include nuclear factor BAT3 [49] and a number
of viral hemaglutinin proteins and heperan sulfate structures [50, 51].

DNAX accessory molecule-1 (DNAM-1): DNAM-1 is a member of the Ig super
family that recognizes CD112 (nectin-2) and the polio virus receptor [17]. Similar to
other activating receptors, there is expression of DNAM-1 ligands on various tumors
resulting in DNAM-1-mediated killing alone or in concert with other receptors [52-56].
Aberrations in DNAM-1 expression or DNAM-1 expressing NK cells have also been
linked to a variety of autoimmune diseases [57-59].

B. Inhibitory Receptors and Ligands

The primary inhibitory receptors include the Killer Ig-like Inhibitory Receptors
(KIRs) and CD94-NKG2A lectin-like inhibitory receptor. The KIRs and CD94-NKG2A
bind to MHC-I molecules and diminish NK cell activation. There has been no evidence to
date for their binding to MHC-II molecules. The receptor-ligand interactions for both
KIRs and CD94-NKG2A are MHC-I isotype specific [60-62]. In accordance with the
“Missing Self” hypothesis first proposed by Karre et al., the lack of MHC-I on target
cells removes the inhibitory signals from NK cells, thus leading to unopposed activation
[63, 64].

Killer Ig-like Inhibitory Receptors (KIRs): The KIRs are members of the Ig
super-family that recognize MHC-I molecules of the HLA-C isotype on surrounding cells
[17, 19]. The absence of HLA-C on tumor and virus infected cells can result in loss of

NK cell inhibition [21, 65, 66].



Leukocyte Ig-like receptor (LIR)-1: Like the KIRs, LIR-1 contains Ig domains
and binds MHC-I, but with a lower affinity than other inhibitory receptors [17, 19]. LIR-
1 expression is more variable on NK cells than other immune cells [17].

CD94-NKG2A lectin-like inhibitory receptor: This receptor is a C-lectin like
heterodimer that recognizes MHC-I molecules of the HLA-E isotype. Ligation of HLA-E
by CD94-NKG2A leads to inhibition of NK cells, yet HLA-E ligation can activate NK
cells if CD94 is complexed to NKG2C or -E [17, 19]. Similar to KIRs, the CD94-
NKG2A complex results in loss of NK cell inhibition in the absence of HLA-E.
However, the uninhibited activity is not as strong as that mediated by KIRs [65].

II1. Herpesviridae methods of NK cell evasion

Human herpesviruses have evolved multiple mechanisms to dampen NK cell
cytotoxicity, interacting with many of the factors influencing the balance of NK cell
activation and inhibition. A summary of these mechanisms is provided in Table 1. A
number of methods employed by human herpesviruses hinder the expression of NK cell
ligands on infected cells. This method of immune evasion has been studied in different
members of the herpesvirus family, defining marked similarities and stark differences
between family members. Multiple mechanisms offset the indirect NK cell activation
prompted by lack of MHC-I surface expression. As many human herpesviruses diminish
MHC-I presentation of viral antigens to avoid detection by cytotoxic T lymphocytes,
these mechanisms may offset the loss of NK cell inhibition from “missing self” [64, 67].

A. CMV: The HCMV product UL18 is an MHC-I homologue that binds the
inhibitory NK cell receptor LIR, possibly as a means of increasing the inhibitory signal

[68, 69]. However, inhibition via this ortholog is controversial [70-72]. CMV also
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encodes UL40, which stabilizes and promotes surface expression of the HLA-E isotype.
This diminishes NK cell activation by increased ligation of the CD94-NKG2A receptor
[73-75]. US11 targets HLA-A; US2 and US3 target HLA-A and HLA-G while sparing
HLA-E; and US6 targets HLA-A,G, and E for degradation to diminish cytotoxic T cell
detection [64, 67, 76].

In addition to inducing an inhibitory response, HCMV also suppresses activating
ligands that bind NKG2D. HCMV UL16 binds MICB, ULBP1, and ULBP2 to sequester
these proteins in the ER of infected cells but is unable to bind to RAET1G [23, 77-80].
The crystal structure of UL16-MICB complex has been characterized in reference [81].
The HCMYV protein UL142 blocks surface expression of some MICA alleles by
interacting with the cytosolic carboxyl-terminal region of the transmembrane protein and
retaining it in the golgi network, limiting surface expression of the activating ligand.
HCMYV UL142 cannot downmodulate truncated forms of MICA lacking the intracellular
carboxy terminus. It is interesting that of the >70 MICA allelic forms the MICA*008
truncated form is present in a majority of the population and may provide a selective
advantage [82, 83]. There is also evidence that HCMV encodes the microRNA mIR-
UL112 that decreases MICB production to escape NKG2D detection [84, 85].

In summary, HCMV has multiple means of NK cell ligand manipulation. UL18 is
a mock MHC-I molecule that takes advantage of NK cell inhibitory receptors while
ULA40 prolongs the inhibitory signals of actual host MHC-I molecules. UL16 retains
NKG2D ligands (except MICA and ULBP3) to prevent activation while UL142 down-
modulates MICA in an allele dependent manner. All of the methods of immune evasion

used by CMV are more comprehensively reviewed in references [2, 86].
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B. KSHV: KSHYV encodes proteins that target MHC-I to prevent viral antigen
presentation to T-lymphocytes as does HCMV, however, the molecular mechanisms
differ. KSHV K3 and K5 are E3 ubiquitin ligases that transfer ubiquitin to the
cytoplasmic tails of proteins [82, 87]. The K5 protein targets HLA-A and HLA-B for
endocytosis from cell surfaces while the K3 protein targets HLA-A,B,C, and E [87-89].
No interactions with HLA-G are known.

Like UL142 of CMV, the KSHV protein K5 also blocks surface expression of
MICA and MICB, but is unable to down-regulate the MICA*008 allele due to the
absence of a cytoplasmic tail and lysine ubiquitin sites [90]. Ubiquitinated MICA
proteins are endocytosed from the infected cell surface and retained in cytoplasmic
vesicles without increased degradation [90]. K5-mediated down-modulation protects
infected cells from NK cell cytotoxicity [90]. K5 also down-modulates the activating
ligands B7-2, AICL, and ICAM-1 by a similar mechanism [90, 91]. In contrast to acute
lytic infection, chronic infection with KSHV results in higher levels of MHC-1, MICA/B,
PVR, and CD112 expression [92]. Akin to HCMV, KSHV encodes the microRNA
miRK-12-7 inhibiting MICB expression [93]. Additionally, KSHV has been reported to
infect NK cells, leading to down modulation of the activating NCRs and NKG2D
receptors on NK cell surfaces [92].

To summarize, KSHV is similar to CMV in that both viruses encode proteins
down-modulating MHC-I and MICA/B. The mechanism by which KSHV proteins
function diverges from HCMV proteins in that KSHV K3 and K5 ubiquinate and
promote endocytosis of targeted proteins, whereas HCMV UL142 and UL16 prevent

protein maturation and surface expression. Similar to HCMV UL142, KSHV K5 down-
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modulation of MICA is allele dependent. The mechanistic basis is the absence of
ubiquitin sites in the truncated cytoplasmic tail. To date there is no evidence of KSHV
mechanisms affecting the expression of the ULBP or RAET ligands. KSHYV specific
immune evasion is reviewed in more detail in references [82, 94].

C. HSV-1 and 2: The exact mechanisms by which HSV-1 modulates NK cell
inhibitory and activating ligands are less studied than those for HCMV and KSHV. The
HSV-1 and 2 US12 gene product (infected cell protein 47, ICP47) down-modulates
MHC-I surface expression by suppressing MHC-I transport from the ER [64, 95]. ICP47
binds to the transporter associated with antigen presentation (TAP) and in doing so
inhibits MHC-I antigen loading and expression of antigenic peptides generated by
proteasomal degradation that then translocate from the cytosol to the ER lumen [96-99].
Cells engineered to express ICP47 failed to express antigenic peptides [98]. Interestingly,
HSV-1 induces expression of certain HLA-G isoforms while decreasing the surface
expression of others [100].

The consequences of MHC-I down-modulation on NK cell recognition of HSV-1
and HSV-2 infected cells are controversial. Studies using antibody blocking of KIRs and
MHC-I in conjunction with exogenous ICP47 expression suggest that the protective
properties of MHC-I via KIR inhibitory signaling are rendered ineffective upon infection
with HSV-1 [64]. However, some studies utilizing ICP47 deleted recombinant HSV-1
and anti-KIR antibodies suggest that NK cell inhibitory effects of MHC-I molecules are
not significant enough alone to diminish cytotoxicity and that the viral product ICP47 is
not necessary in inducing susceptibility to NK cell killing [101]. There are yet other

findings that suggest a qualitative change in MHC-I molecules, such as the binding site
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shape presented to NK cells during HSV infection rather than the quantity of molecules
presented, may contribute to NK recognition and killing [102].

There are few studies examining the influence of HSV-1 and HSV-2 infection
upon the NK cell activating ligands. Experiments utilizing HSV-1 recombinants deleted
of all IE genes except for ICP0 were able to induce NK cell induced lysis of human
fibroblasts. Fibroblasts expressing ICPO yielded similar results [101]. Infection with these
recombinants also demonstrated an up-regulation of unknown ligands binding to NCRs
with cyotoxicity dependent upon their presence, yet this only occurred at low
multiplicities of infection (MOIs). ICP0 independent mechanisms were reported at higher
MOIs [101]. In contrast, studies of HSV effects on NKG2D ligands demonstrated
decreased surface expression of MICA in HeLa and U373 cells infected with HSV-1 or
HSV-2 with no difference in total protein levels [95]. Interestingly, this HSV mediated
down-modulation of MICA occurs with both the full-length and the truncated protein
encoded by the MICA*008 allele. This diverges significantly from the inability of
HCMYV and KSHYV to down-modulate truncated MICA variants. Down-modulation of
MICA was reported with ICPO deleted recombinant HSV but not with PAA blocking of
late gene expression, suggestive that this phenomenon is dependent on late-gene
expression [95].

These studies together suggest HSV-1 and HSV-2 employ both early and late
gene modulation of NK activating ligands, each with potentially different consequences
for virus infected cells. ICPO might be sufficient to trigger NK cell cytotoxicity at low
MOIs through upregulation of NCR ligands, which would be deleterious for virus

survival. Yet at higher MOIs mechanisms other than ICPO contribute to infected cell
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susceptibility. MICA down-modulation was shown to be independent of ICP0O expression
and may be caused by late gene products. As posited by Schepis et al, HSV-1 may cause
infected cells to be particularly susceptible to NK cell mediated killing early in infection
due to ICPO up-regulation of NCR ligands while attempting immuno-evasion later in
infection by NKG2D ligand and MHC-I down-regulation [95]. Although HSV-1 and
HSV-2 microRNAs have been documented, none have been found to interfere with NK
cell pathways.

D. EBV: As with the previously described human herpesviruses, EBV has
methods of interfering with MHC-I to prevent presentation of viral antigens to cytotoxic
T-cells. During active B cell infection, EBV expresses a viral homolog of interleukin-10
(vIL-10) [103] and BNLF2a, a lytic-phase viral protein [104, 105]; both have been
reported to down-regulate the expression of TAP and in turn decreases surface MHC-I.
BILF1 is a protein also expressed during lytic EBV infection that mediates both increased
endocytosis/degradation and decreased exocytosis/presentation of MHC-I [106]. Down-
modulation of all isotypes of MHC-I during EBV lytic infection, and subsequent decrease
in inhibitory binding to KIRs and CD94-NKG2A, results in increased sensitivity to NK
cell mediated killing [107]. Instead of down-regulation of activating ligands to off-set this
decrease in inhibition, the same studies found an increase in ULBP1 and CD112
expression that contributed to NK cell activation [107]. The only reported mechanism to
possibly offset this indirect NK cell activation is a microRNA (miR-BART2-5p)
inhibiting MICB expression [93]. EBV may possibly interfere with NKG2D activation
through down-modulation of the NKG2D receptor itself via indoleamine-2, 3-

dioxygenase metabolites, although the functional consequences have yet to be reported
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[108]. Similar to KSHV, EBV can infect NK cells, causing aberrantly high expression of
the inhibitory CD94-NKG2A receptor but diminished expression of the KIRs [109].

E. HHV-6 & HHV-7: The involvement of NK cells in the control of HHV-6 and
HHV-7 infection has been documented through studies of IL-2 and IL-15 enhancement of
cytotoxicity [110-112]. However, the only documented HHV-7 protein involved in NK
cell ligand modulation is U21, a transmembrane protein capable of down-modulating
both MHC-I and MICA/B. U21 binds and re-directs MHC-I trafficking to lysosomal
compartments most similarly to HCMV MHC-I interfering proteins [113-115]. The effect
on NK cell killing through this method has not been established. U21 also binds to
ULBPI1 for redirection to lysosomes and decreases surface MICA and MICB by an
undefined mechanism that results in decreased NK cell cytotoxicity [116]. The A and B
variants of HHV-6 express proteins analogous to U21 that also bind MHC-I for lysosome
redirection [117], but the effect on NK cells or identification of mechanisms affecting
activating ligands has not been established.

F. VZV: Although NK cells have long been implicated in the control of VZV
infection [118-120], specific interactions with infected cells through NK cell receptors
have not been extensively studied. VZV down-regulates MHC-I on infected cell surfaces
via the viral protein kinase ORF66, leading to retention of MHC-I molecules in the golgi
[121, 122]. However, any functional consequences of ORF66 on NK cell recognition and
killing have not been demonstrated. Likewise, no methods of VZV interference with NK
cell activating ligands have been reported to date.

IV. Conclusion

16



Human herpesvirurses possess multiple mechanisms for evading both innate and
adaptive immune responses. A summary of NK cell receptors, their ligands, and viral
mechanisms interfering with each is provided in Table 1. A primary point of interest is
the diversity of NK cell evasion mechanisms employed by human herpesviruses. Other
than mechanisms shared by the highly similar HSV-1 and HSV-2, the human
herpesviruses have evolved different mechanisms for subverting the immune response. It
is also notable that these immunoevasion mechanisms do not group with herpesvirus
subfamilies. For example, HCMV (a betaherpesvirus) and KSHV (a gammaherpesvirus)
both encode microRNA’s targeting MICB, yet down-modulate MICA via different
mechanisms. The NK cell evasion mechanisms are unique to each human herpesvirus
likely reflect selection pressures encountered in the various infection niches occupied by
the viruses. The lack of well-defined mechanisms of NK cell immunoevasion by given
herpesviruses (i.e. HSV and VZV) is puzzling. There is well-documented persistence of
HSV in patients with NK cell defects and the importance of NK cell involvement in the
control of disease. Continuing research will likely reveal as yet unknown mechanisms of

immunoevasion by the alpha herpes viruses.

Human herpesviruses cause substantial morbidity and mortality. HSV-1 is
regarded as one of the most common causes of viral encephalitis, an infection carrying
significant risk of mortality [123, 124]. EBV, HCMV, and KSHV infections have the
potential to not only cause severe manifestations during acute infection, but also the
development of hematologic or solid malignancies [125, 126]. A variety of herpesviruses
also cause cutaneous and ocular infections with potential for life-long morbidity [127-

129]. Thorough knowledge of specific viral immune evasion mechanisms may provide
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avenues for developing more effective therapies against disease related to human

herpesviruses. Understanding NK cell evasion may improve oncolytic herpesvirus

therapies for cancer [130-132]. Insight into viral abilities to evade the immune system

may also yield better markers for clinical prognosis and monitoring of active and latent

infection [109, 133]. Continued research into these mechanisms of NK cell evasion will

not only deepen basic understandings of human herpesviruses, but may also serve to

ultimately alleviate disease burden and guide strategies for clearance of persistent

infection in immunocompromised patients
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Table 1. Summary of Known Interactions between NK cell Receptors, Ligands, and
Herpesvirus Immunoevasins

Major

Ligand | Virus Immunoevasin Mechanism References
Receptors
Activating
NKG2D MICA | HCMV UL142 Internal Retention [83, 134]
KSHV K5 Ubiquitination/Sequestration [82, 90]
HSV ? ? [95, 101]
HHV-7 U21 ? [116]
MICB | HCMV ULI6 Internal Retention [23,77-79]
HCMV miR-UL112 Translational Downregulation [85]
KSHV K5 Ubiquitination/Sequestration [82, 90]
KSHV miRK12-7 Translational Downregulation [93]
HSV ? ? [95, 101]
EBV miR-BART2-5p | Translational Downregulation [93]
HHV-7 U21 ? [116]
UL_EPI HCMV UL16 Internal Retention [23,77-79]
HSV ? ? [95]
HHV-7 U21 Lysosomal Degradation [116]
NCRs AICL KSHV K5 [90]
DNAM-1 PVR ?
CD112 ?
Inhibitory
LIR-1. KIRs MHC-I | HCMV ULI18 MHC-I Homologue [68, 69]
CD9 4/’NKG2, HCMV UL40 Signal Prolongation [73-75]
A HCMV Us2, [IJJSS 13 i US6, Retention/Degradation [64, 67]
KSHV K5, K3 Endocytosis [87-89]
HSV ICP47 TAP Interference [96-98]
EBV vIL-10 IL-10 Homolog [103]
EBV BNLF2a TAP Interference [104, 105]
EBV BILF1 Endocytosis/Degradation [106]
HHV-6 U21 analogues Lysosomal Degradation [117]
HHV-7 U21 Lysosomal Degradation [113-115]
VZV ORF66 Internal Retention [121, 122]
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Abstract

Human herpes viruses cause diseases ranging from encephalitis to malignancies.
These viruses also manipulate immune responses to evade detection. Cytomegalovirus
and Kaposi’s sarcoma herpes virus down-modulate MHC class I polypeptide-related
sequence A (MICA), a natural killer (NK) cell activating ligand. The mechanisms of
down-modulation for these viruses are well studied. HSV-1 has recently been shown to
down-modulate surface MICA in HeLa cells, but the exact mechanism is unknown. We
hypothesize that HSV-1 infection down-modulates MICA from the surface of HeLa and
malignant glioma cells in order to prevent NK cell activation, which in turn could affect
the immune mechanisms of oncolytic virus therapy. Flow cytometery and
immunofluorescence performed with intact and permeabilized HeLa and U373 glioma
cells measured surface and total MICA during HSV-1 infection. MICA mRNA levels
have been shown to decrease prior to surface protein levels. To test the contribution of
the HSV-1 ribonuclease Virion Host Shut-off (VHS) protein to MICA mRNA
degradation and protein down-modulation, RT-qPCR and flow cytometery were
performed with HSV-1 and a VHS deleted HSV recombinant. To test the protein
specificity of MICA surface down-modulation, flow cytometery experiments measuring
transferrin receptor were compared to those for MICA. Results demonstrate surface and
total MICA protein down-modulation during HSV-1 infection and suggest degradation
and not sequestering as previously proposed. Levels of MICA mRNA in the presence of
VHS compared to levels upon deletion suggest that VHS contributes to MICA mRNA
degradation but is not the primary mechanism of down-modulation. Measurements of

transferrin receptor during infection suggest that down-modulation is MICA specific.
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Introduction

The family of herpresvirdae is comprised of viruses that share the characteristics
of linear double stranded DNA genomes, membrane envelopes, and ability to undergo
latent and lytic lifecycles. As a group they cause significant morbidity and mortality with
their acute and chronic infections. These viruses also share the ability to evade the
immune system by a variety of mechanisms. All herpes viruses have mechanisms for
down-modulating MHC-I, a ubiquitous surface protein involved in antigen presentation
to CD8 cytotoxic T cells, an important component of the adaptive immune system (26).
In order to evade detection by the innate immune system during infection, herpes viruses
have also evolved mechanisms manipulating the regulation of natural killer (NK) cells.
The involvement of the innate immune response against these viruses becomes apparent
in the context of NK cell activation during herpes infection (10, 11) and recurrent herpes
infections in patients lacking NK cells (4).

The regulation of NK cell responses against infection or oncogenesis is based in
part on the balance of signals from activating or inhibitory receptors on the NK cell
surface. Net NK cell response is dependent upon the ligands for these receptors
encountered on surrounding cells (5, 12). As an example, MHC-I also acts as a ligand for
a number of NK cell inhibitory receptors in addition to antigen presentation to T cells
(13). One of the NK cell activating receptors is the Natural Killer Group 2 Member D
(NKG2D) receptor which interacts with numerous ligands, one being MHC-class-I-
polypeptide-related sequence A (MICA) (14, 16). MICA and other ligands for NK
activating receptors are stress proteins expressed during times of cellular infection or
oncogenesis to initiate cytotoxicity (21). In response to this, many viruses have evolved

mechanisms specifically decreasing presentation of MICA and other ligands to prevent
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NK cell activation. The Uy 142 protein of human cytomegalovirus (CMV) is an
immunoevasin that binds to MICA and retains it within the golgi network (2, 6). Kaposi’s
sarcoma herpes virus (KSHV) expresses K5, which mediates ubiquitination and retention
of MICA to prevent surface expression (24, 25). The mechanisms by which CMV and
KSHYV prevent MICA presentation and NK cell activation are well studied. There is
recent evidence of herpes simplex virus type-1 (HSV-1) decreasing surface MICA upon
infection, but the exact mechanism of down-modulation is still unknown (19).

HSV-1 is an a-herpesvirus that causes cutaneous/ocular lesions and viral
encephalitis with a high risk of mortality (3, 7, 18). There are few studies examining the
behavior of NK cell ligands during HSV-1 infection and conflicting results concerning
which ligands and gene products are involved in altered susceptibility to NK cells. It has
been demonstrated that HSV-1 infected human fibroblasts are more susceptible to NK
cell lysis, and it was originally proposed that this occurred via the natural cytotoxicity
receptors (NCRs) and is dependent upon the immediate-early gene ICPO at a low
multiplicity of infection (MOI) (8). However, at a higher MOI there are ICPO
independent mechanisms observed. A decrease in surface MICA on HeLa cells during
HSV-1 infection has been observed with no accompanying changes in the other NK cell
activating ligands ULBP 1-3 or MICB (19). This decrease was proposed to be caused by
viral late genes independent of ICP0 and was observed only for surface protein and not
for total protein in permeabilized cells (19).

In this article, we describe a possible mechanism for the down-modulation of
MICA during HSV-1 infection. We hypothesize that HSV-1 decreases surface MICA
through a post-translational mechanism, thus lowering the amount available for transport

to the surface. Our studies also show that Virion Host Shut-off (VHS) protein
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significantly decreases the quantity of MICA mRNA upon HSV infection but does not
affect MICA surface down-modulation. Transferrin receptor is another transmembrane
surface protein that does not associate with lipid rafts unlike MICA (9), and thus has been
used previously as a control for the cell surface location and expression comparison to
NK cell ligands (20). Comparison of MICA expression to that of transferrin receptor
during HSV-1 infection suggests that MICA surface down-modulation is protein specific.
Our studies performed within malignant glioma cells also demonstrate a potential for
circumventing the current limitations of oncolytic virus therapy against glioblastoma

multiforme (GBM).
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Materials and Methods

Cell lines and Virus Strains. The HeLa cell prototypical epithelial tumor line
and U-373MG astroglioma cell lines were used in virus infection assays. These lines
along with U-251MG, U-87MG, U-118MG, and D54MG glioma cell lines were
additionally used in western blot and sequencing assays. The cells were maintained in
Dulbecco's Modified Eagle's Medium mixed 50: 50 with Ham's Nutrient Mixture F-12
(DMEM/F12) (Cellgro, Corning) with 7% Fetal Bovine Serum (FBS) for growth and 1%
during infection. The 293-T cell line was used for transfection assays and was maintained
in MEM with 7% Fetal Bovine Serum. All cell lines were maintained in 37°C and 5%
CO, humidified atmosphere incubators.

Virus strains and recombinants used include the wild type HSV-1(F) virus, R2621
(HSV-1 AUL41), M2001 (HSV-1 :: GFP), and C101 (HSV-1 Ay,34.5 :: Green
Fluorescent Protein). Viruses were maintained in milk stocks, and infections were carried
out in the previously indicated media for 2 hours and then refreshed growth media for the
indicated time post-infection.

Validation of anti-MICA Antibodies. Recombinant human MICA (clone
BC016929) in vector pCMV-Sport6 was purchased (MHS1010-58438, Open
Biosystems). Primers for Myc-tag expression (forward:
GATCTTCCTCTGAGATAAGCTTCTGATC; reverse:
CTAGAAGGAGACTCTATTCGAAGACTAG) were purchased (Eurofin MGW
Operon), diluted to 6 pM, and annealed in NEBuffer #2 (New England Biolabs) by
bringing reactions to 100°C for 7 minutes and then letting cool slowly overnight. The
recombinant hMICA was restriction enzyme digested at a unique BglII site (New

England Biolabs) and dephosphorylated using Calf Intestine Phosphorylase (Invitrogen).
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The annealed oligos were diluted to 10 nM and added to 10 ng of digested vector for a
1:3 ratio at 2 hours with T4 ligase (Invitrogen). Ligated products were used to transform
XL-blue competent bacteria by electroporesis, grown on a 37°C shaker for 3 hours, and
then streaked at 1, 10, and 100 pL on 100 pg/mL carbenicillin resistant plates for
incubation overnight. Colonies were selected, used to inoculate 100 carbenicillin pg/mL
LB, and incubated overnight. Candidate plasmids were then isolated using DNA mini-
prep kits (Qiagen) and validated by sequencing at the Heflin Genetics Sequencing Core.
These myc-tagged recombinant MICA candidates were also validated by 293-T cell
transfection (Mirus TransIT-LT1 Transfection reagent) followed by permeabilization and
dual staining immunofluorescence with anti-hMICA, anti-hMICA/B, and anti-Myc
antibodies.

Reverse Transcriptase Quantitative PCR. U373 cells or HeLa cells were
seeded in 24 well plates at 1.5x10° cells per well or in 12 well plates at 3.0x10° cells per
well and allowed to adhere overnight. Samples were then infected at multiplicity of
infection (MOI) of 5 PFU/cell with either HSV-1(F), R2621, or mock infection for 6 hpi.
Total RNA was isolated from cell samples using TRIZOL reagent and RNeasy kit
reagents and columns (Qiagen). RNA was quantified by Nanodrop photospectroscopy
(General Electric). Reverse transcription was performed using Goscript reverse
transcriptase system (Promega) with random hexamer primers. RT-qPCR primers for
MICA (forward: AGGAGCTCCCAGCATTTCTA,; reverse:
CTTCATGGCATCTTCCTTCA), MICB (forward: GGGATTTCAGCCTCTGATGT;
reverse: GGTCAGGAAACAGAGGGAAA), GAPDH (forward:
GTCGGAGTCAACGGATTTG; reverse: TGGGTGGAATCATATTGGAA), and 18s

rRNA (forward: CCGATTGGATGGTTTAGTGA; reverse:

35



GGTTCACCTACGGAAACCTT) were designed and purchased (Eurofin MGW
Operon). Prior to use, all primers were diluted to 3 M. Reactions were carried out using a
SYBR green master mix (Applied Biosystems) according to instructions. PCR and data
collection was performed with an ABI 7300 Real-Time PCR system (Applied
Biosystems, Inc.) at an extension temperature of 95°C and annealing temperature of 54°C
for 40 cycles. As a quantification control, topo-cloning was used to create a MICA DNA
standard through the insertion of MICA exon 3-5 PCR amplified from U373 cells into a
Topo 2.1 plasmid.

Immunofluorescence and Flow Cytometery. U373 cells or 293-T cells were
seeded on glass coverslips in 24 well plates at 7.5 x10” cells per well for
immunofluorescence (IFC) or in 100mm Petri dishes for FACS and allowed to adhere
overnight. Samples were either transfected with appropriate plasmids as previously
described or infected with appropriate virus an MOI 0.1 for IFC or MOI 5 PFU/cell for
FACS. At 18 hpi, cells were then fixed in 3% paraformaldehyde for immunofluorescence
or 2% for FACS for at least 30 minutes and then either permeabilized with Phosphate
Buffered Saline (PBS)/0.1% Triton for IFC or PBS/2% FBS/Perm Wash (BD Bioscience)
for FACS for 15 minutes. Non-permeabilized samples were incubated in PBS/2% FBS
alone. Cells were then blocked with 10% goat IgG 30 minutes for IFC or blocked with
100% goat serum 30 minutes for FACS. Anti-hMICA, anti-hMICA/B, and anti-Myc
primary antibodies and appropriate secondary antibodies were applied separately at the
indicated dilutions in PBS and incubated at 37°C for 1 hour. After staining, coverslips
were mounted onto slides with DAPI and then sealed. Washes with PBS were performed
at least 4 times between each step. Images were captured on a stereo fluorescent

microscope (Zeiss). Fluorescence-activated cell sorter (FACS) analysis data was
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collected with a FACSCalibur flow cytometer (BD Bioscience) and analyzed with FloJo
software.

Western blotting. Cells were seeded on either 6 well plates at 6.0 x10° cells per
well or 24 well plates at 1.5 x10° cells per well and allowed to adhere overnight. Samples
were either transfected with appropriate plasmids as previously described or infected with
appropriate virus an MOI of 5 PFU/cell. At 24 hpi samples were collected with protein
lysis buffer, boiled for 5 minutes and allowed to cool on ice. Samples were loaded on
11% SDS-PAGE and run with pre-stained markers at 100V until markers reached the end
of the gel. Protein was transferred to a nitrocellulose membrane at 100V for 3 hours. The
membrane was blocked with 5% BSA in TBS/0.05% Tween-20 (TBS-T) for 1 hour at
room temperature with rocking. Primary antibody was applied at the indicated dilution in
TBS-T/5% BSA and incubated at 4°C overnight with rocking. HRP conjugated
secondary antibody was applied at the indicated dilution in TBS-T/5% BSA and
incubated at room temperature for 1 hour with rocking. Substrate was applied for 5
minutes and the membrane was wrapped in saran wrap before film exposure. Washes
with TBS-T were performed at least 4 times between each step at room temperature for
10 minutes each with rocking.

De novo Protein Detection. De novo MICA protein translated during HSV-1(F)
infection was labeled with biotin through Click-iT amino acid labeling and detection
(Invitrogen). U373 cells were seeded in T-25 flasks at 1.0 x10° cells per flask as
previously described and allowed to adhere overnight. Cells were then either mock
infected or infected with HSV-1(F) at MOI 5 PFU/cell in infection media for 1.5 hours.
The media of infected samples and appropriate mock samples was refreshed with

methionine-free DMEM for 30 minutes before an HPG amino acid label was added
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directly to the media and allowed to incubate for 4 hours prior to cell lysis. Lysis buffer
was prepared with 1% SDS in 50mM Tris-HCI with Protease and Phosphatase inhibitors
according to manufacturer’s instructions (Complete, Roche) and Benzonase endonuclease
250 U/mL (EMD, Merck). Total protein was quantified using the Pierce BCA Protein
Assay Kit (Thermo Scientific) according to manufacturer’s specifications and an ELx808
Ultra Microplate Reader (Bio-Tek Instruments, Inc.). Equivalent amounts of total protein
were then used to carry out the remainder of the Click-iT reaction with azide biotin
detection reagent according to manufacturer’s specifications with one mock sample
containing the HPG component but withheld from the detection component. Portions of
the original, unreacted total protein from each sample were kept for comparison to
reacted protein as a negative control for biotinylation reaction conditions. After a 20 min
reaction period the biotin-labeling reaction mixture was diluted in 1 mL of PBS/1% NP-
40. 20 pL of Ultra HBC Streptavidin Agarose Resin (Gold Biotechnology) was added
directly to the diluted reaction mixture and incubated at 4°C on a tube rotator for 1 hour.
Samples were then centrifuged at 1,000 x g for 5 minutes at 4°C and unbound sample
was transferred to clean centrifuge tubes. The remaining resin was washed 5 times with
PBS/1% NP-40 at 4°C on a tube rotator for 5 minutes and centrifuged at 1,000 x g for 5
minutes at 4°C. Disruption buffer was then added to the original and resin bound samples
and heated at 100°C for 3 minutes. Western blots of each sample were then developed as

previously described.
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Results

HSV-1 down-modulates surface and total MICA upon infection of glioma cells
and HeLa cells. Previously Schepis et al. have reported the down-modulation of MICA
from the surface of HeLa cells with no change of total MICA in permeabilized cells
during HSV-1(F) infection (19). In infected U373 cells there was a down-modulation of
ULBP2 and no reported change in MICA protein levels (19). To test for changes in
MICA expression on glioma cells, U373 cells infected with wild type HSV-1(F) or mock
conditions were stained with a validated (Supplemental Fig. 2) anti-MICA/B monoclonal
antibody. MICA was measured by Mean Fluorescence Intensity (MFI) normalized to
isotype levels for each experimental condition and observed to be down-modulated from
the surface upon infection with HSV-1(F) (Fig. 1a) as compared to mock infected cells.
The total MICA was also down-modulated in permeabilized cells upon infection as seen
by decreased normalized MFI compared to mock conditions (Fig. 1b). The average
normalized MFI measuring surface MICA on U373 cells during HSV-1(F) infection was
29% of mock infection MFI and 35% for total protein levels. The normalized MFI of
stained MICA was lower for both non-permeabilized (49.5% of mock) and permeabilized
(62.7% of mock) HeLa cells during infection with HSV-1(F) (Fig. 1c and d).

Surface and internal down-modulation of MICA upon infection of U373 cells
with HSV-1(F) was visualized by immunofluorescence (Fig. 2). The Green Fluorescent
Protein expressing HSV-1(F) recombinants M2001 and C101 were used to indicate
infected cells (Fig. 2 a and d). Staining against MICA shows decreased surface MICA on
infected cells as compared to uninfected cells in the same field with no aggregations of

MICA internally (Fig. 2 b and e).
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Virion Host Shut-off protein contributes to MICA mRNA degradation but not to
protein down-modulation. A decrease in MICA mRNA levels has previously been
reported as early as 3 hpi with HSV and precedes protein down-modulation in HeLa cells
(19). Virion Host Shut-off (VHS) protein is an HSV encoded RNase within the viral
tegument that degrades host mRNA upon infection. To test if VHS contributes to MICA
mRNA degradation RT-qPCR experiments were performed to measure MICA mRNA
quantity in U373 cells infected with either the wild type virus or a recombinant deleted of
VHS relative to that of mock-infected cells. When VHS is present in HSV-1 infection,
MICA mRNA was measured to be between 70-90% less compared to mock-infected
U373 cells (Fig. 3). In contrast, MICA mRNA levels have a mean 40% reduction
compared to mock-infected cells in the absence of VHS.

To test if VHS degradation of MICA mRNA contributes to MICA protein down-
modulation as a potential mechanism, FACS experiments measuring surface and total
MICA protein were performed with the VHS deleted virus in parallel to the wild-type
virus. The normalized MFI of stained MICA was lower for both surface and total protein
in both U373 and HeLa cells infected with the VHS deleted virus compared to mock
infected cells (Fig. 1a-d).

Down-modulation of MICA during HSV infection is protein specific. To test
whether the down-modulation of MICA during HSV infection is specific or part of a
general protein down-modulation, FACS analysis was also performed with the surface
protein transferrin receptor during infection as a separate trans-membrane protein not
associated with membrane lipid rafts and thus serves as a suitable control to monitor for a
general phenomenon affecting trans-membrane proteins at other locations of the cell

membrane (9, 20). Infection of U373 cells with either wild type HSV or R2621 increased
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the percentage of cells expressing surface transferrin receptor to 50.37% with wild type
and 55.13% with R2621 (Fig. 4a) and increased total levels (Fig. 4b).

MICA protein amounts measured by immunoblotting differ from flow cytometery.
To measure the relative amounts of MICA protein within cell lysates under mock and
HSV infected conditions, immunoblotting was performed in HeLa cells and multiple
glioma lines. Total protein was quantified for equivalent gel loading and then probed with
validated (Supplemental Fig. 1) anti-MICA antibody. Within each cell line tested, there
were no differences in apparent MICA protein amounts between mock conditions and
HSV recombinants for the predicted molecular weight measured by the anti-MICA
antibody used (Fig. 5). However, multiple bands were also detected at higher molecular
weights within each cell line corresponding to about 63 kDa. Within these higher weight
bands there is less apparent protein among infected cells compared to mock infected
cells. At any molecular weight band there are no differences in MICA protein amounts
observed between viruses.

HSV infection does not block production of de novo MICA protein. To test if HSV
infection affects MICA protein levels via a transcriptional mechanism that decreases
newly formed protein, biotinylation was used to isolate de novo protein for anti-MICA
immunoblotting. Comparison of bands at the anticipated molecular weight show no
difference between mock and infected conditions for either the previously translated non-
biotinylated MICA protein or the biotinylated de novo MICA protein at 12 hpi (Fig. 6).
For bands at higher molecular weights there is less apparent MICA protein for both the
non-biotinylated MICA protein and the biotinylated de novo MICA protein upon

infection compared to mock conditions. Comparison of these samples to control mock
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infected cell lysates not subjected to biotinylation reaction shows that streptavidin

binding is specific for biotinylated proteins.

Discussion

NK cells play a role in the control of viral infections, including those of herpes
viruses. The regulation of NK cell response to infection is partially controlled by
exposure to ligands on host cells that interact with activating or inhibitory receptors on
the NK cell surface. In order to evade NK cell recognition, some members of the herpes
family use methods of down-modulating the surface presentation of host cell ligands that
could otherwise activate NK cells. Specifically, CMV and KSHV down-modulate the
activating ligand MICA by well studied mechanisms. The phenomenon of MICA down-
modulation during HSV-1 infection has been previously reported in HeLa cells, but the
mechanism by which this occurs has yet to be elucidated.

From the studies reported here we observe down-modulation of MICA from the
surface of HeLa cells during HSV infection similar to previous findings. We also
observed MICA surface down-modulation on glioma cells, a finding not previously
reported. These findings suggest that HSV-1 is able to down-modulate the presentation of
MICA as a manner of preventing NK cell activation and counter to HSV-1 mediated
MHC-I down-modulation. The replication of surface MICA down-modulation on HeLa
cells, which express the truncated MICA*008 allele, also supports the hypothesis that the
HSV-1 mechanism is not allele dependent like UL-142 of CMV or K5 of KSHV.

Experiments utilizing flow cytometery with permeabilization suggest that down-
modulation occurs not only at the cell surface, but also in the cell interior. This

observation is different from findings previously reported for permeabilized HeLa cell
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flow cytometery. Because of this difference, we used recombinant human MICA
transfection and validated our antibodies in their detection of MICA. The decrease in
total MICA within permeabilized infected cells measured by flow cytometery suggests
that MICA is being degraded, shed from cells, or altered in half-life during infection
rather than being sequestered or arrested in surface transport. This is also confirmed by
immunofluorescence in which no intracellular accumulations of MICA protein, which
would otherwise suggest internal sequestration within infected cells, are observed.

In addition to a possible mechanism that decreases surface MICA protein or
increases surface turnover, the previously reported observation that MICA mRNA levels
decrease prior to MICA surface down-modulation suggested that decreases in mRNA
could contribute to decreased protein levels. Experiments performed with the VHS
deleted recombinant virus, R2621, suggests that VHS contributes significantly to MICA
mRNA degradation. However, even in the absence of VHS, down-modulation of surface
MICA is still observed by flow cytometery to levels comparable to wild type HSV
containing VHS. In the absence of VHS, MICA mRNA levels are still observed to be
lower than mock infected cells, which suggest that other factors in viral infection
contribute to MICA mRNA degradation.

Studies of transferrin receptor on the surface of neoplastic brain tissue have
demonstrated that the baseline expression on excised human glioblastoma multiforme is
high and diffuse throughout compared to the lower and focal expression on more benign
tumors (17). The diffuse nature of transferrin receptor expression glioblastoma can allow
it to be compared to other surface proteins unrelated in function for changes occurring by
a common mechanism. Our experiments measuring the surface expression of transferrin

receptor during HSV-1 infection for comparison to MICA show that, in contrast to down-
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modulation of MICA, transferrin receptor increases in surface expression compared to the
baseline expression of mock infected glioma cells. This suggests that surface MICA is
not part of a generalized surface protein down-modulation on glioma cells. This up-
regulation of transferrin receptor during infection can be explained as part of the stress
response induced by viral infection as transferrin receptor expression is affected by
hypoxic and inflammatory conditions (22, 23).

Although our data by flow cytometry suggest that MICA protein is degraded or
otherwise expelled from infected cells, by western blotting the lack of distinguishable
change in the immunodominant protein observed at the expected molecular weight for the
MICA molecule between virus and mock-infections indicates that there is no decrease in
total protein. If surface levels of MICA are down-modulated during infection, an
endocytotic or sequestering mechanism could explain this equivalent amount of protein
observed in western blotting. Comparison of the miniscule amounts of de novo MICA
protein formed to the original amounts of MICA protein in mock or HSV infected
conditions suggest that the half-life of certain MICA protein forms is great enough that
down-modulating changes related to infection are obscured by older un-degraded protein.

There is evidence indicating that the higher molecular weight bands observed
with our anti-MICA antibody could be more highly glycosylated forms of mature MICA
(9) or possibly dimers of MICA that are dependent upon an Asn-8 oligosaccharide given
its weight being approximately twice that of the expected weight (15). A return to a lower
molecular weight has been reported for MICA treated with PNGase F, a method
demonstrating that N-linked glycosylation affects the migration of MICA through

polyacrylamide gels (1). Studies are being performed to determine the immunoblotting
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patterns of MICA dependent upon glycosylation and other post-translational
modifications that are specifically down-modulated by HSV-1.

In summary, evidence supports the HSV-1 mediated down-modulation of MICA
from the surface of infected cells, most likely through a post-translational mechanism.
This phenomenon has been reproduced on multiple cell lines and is independent of
mRNA degradation. MICA surface down-modulation also occurs in the absence of the
v134.5 neurovirulence gene. This could have important consequences for the immune
mediated anti-tumor mechanism of oHSV therapy by decreasing NK activation during
treatment. Thus, further studies to identify the mechanism by which HSV-1 down-
modulates presentation of this NK cell activating ligand are crucial for the design of

future oHSV vectors to circumvent this phenomenon and optimize anti-tumor conditions.
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Fig 1 HSV dowmHnodulates surface and total MICA protein on glioma and Hel a cells. U373 (a,b)
and Hel a (c,d) cells were infected with HSV-F (dashed line, light gray) or R2821 (dotied ne,
white) at MOl 5 or mock infected (solid ine, dark gray). Al 18 hpi cells were fixed and stained for
MICA. Cells were either nonpermeabilized to stain surface MICA only (a,c) or permeabilized with
saponin to stain total MICA (b.d). Mean fluorescent intensity for MICA was nomnalized to isotype

levels for each condition.
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Fig 2 HSV-1 down-modulates MICA without evidence of inlracelular sequesiration.

U373 celle infected with M2001 {a-c) or C101 (d-f). At 18 hpi celle were fixed, permeabilized,
and stained for MICA/B (b.c.e.f). GFP is expressed by infected cells {amow) for comparison of
MICA. on and within uninfected celis in the same Tield (b.e). Confocal, 400x magnification.
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Fig 3 Virion Host Shut-off contributes to MICA mRNA degradation. U373 cells infected
with HSV-F (left) or R2621 (right) at MOl 5 or mock infected. At 6 hpi cells were lysed
and mRNA was collected. PCR was performed on total mRNA using random hexamers.
Primers for MICA and 18s IRNA were used in qPCR with SYBR green detection to obtain
quaniilies of MICA mRNA relafive to 185 rRNA_ RQ is the ratio of MICA during infection to
MICA dwing mock infection.
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{solid Ene). At 18 hpi cells were fixed and stained for TFN-R_ Cells were elther non-permeabilized to
stain surface TiR only {a) or pormeabiized with saponin to stain tolal TR (b).
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Fig 5 MICA protein levels upon infection with wild-type HSV and recombinanis. The indicated cell
ines were seeded, allowed to adhere ovemnight, and infected with the indicated viruses al MOI 5. Al
18 hpi cells were lysed and total protein was quaniified for equivalent gel loading. Nirocellulose
membranes with the iotal protein were stained with Epitomics rabbit anti-MICA at 4°C ovemnight. 15
second exposure.
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Fig 6 Isolation of de novo MICA. U373 cells either infected with HSV-1 at MOI 5 or mock
conditions and lysed at 12 and 18 hpi. Prior to lysis, ncorporation of an amino acid ortholog
into de novo proteins was performed and folowed by biotinylation reactions. Biotinylated

de novo proteins were isolated by reaction with streptavidin agarose beads._ All proteins were
quantified, equivalently loaded, and separated by SDS-page gel and stained for MICA.
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Supplemental Fig 1 Rahbit anti-MICA pAb recognizes recombinant human MICA. 293GT cells
were transfected with recombinant hMICA conlaining a Myc-tag amino acid sequence. At 18 hpt
cells were fixed and dual-stained for Myc using Cell Signaling 9811 mouse anti-Myc mAb

{a, green) and MICA using Epitomics rabbit anti-MICA pAb (b, red). Nuclei were stained blue with
DAP1. Three color merge (c) shows ransposition of MICA and Myc slaining by both antibodies.
100x magnification.

Rb anli-MICA pAb Mo anli-MICA/B mAb

Supplemental Fig 2 Mouse anti-MICA/B mAb recognizes recombinant human MICA. 293GT cells
were fransfected with recombinant hMICA containing a Mye-tag amino acid sequence. At 18 hpt
cells were fixed and dual-stained for MICA using Epitomics rabbit anti-MICA pAb {a, red) and
eBioscience mouse anti-MICA/B mAb (b, green) at equivalent concentrations. Nuclei were stained
blue with DAPI1_ Three color merge {c} shows lransposition of MICA staining by both antibodies.
200x magnificalion
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CONCLUSION

As can be seen in our review article Herpesviridae Methods of Natural Killer Cell
Evasion, the mechanisms by which herpesviruses escape adaptive and innate immune
system detection are numerous and have functional consequences for viruses and tumor
cells. Specifically considering MICA and NKG2D, the discrepancy in amount of
knowledge and number of studies examining modulation is vast between HSV-1 and
other herpes viruses. Studies of MICA behavior during HSV-1 infection have thus far
confirmed that surface protein is decreased upon infection, however initial studies
examining the mechanism remain contradictory.

In previously published results there was surface down-modulation of MICA
without any decrease in total protein levels thus suggesting that the mechanism was
endocytosis or internal retention (7). In the prepared manuscript Surface Down-
modulation of MICA in Malignant Glioma Cells by Herpes Simplex Virus, we also
observed down-modulation of surface MICA by FACS not only on HeLa cells but also
glioma cells. We have evidence to dismiss mRNA degradation and a general
transmembrane protein down-modulation as trivial mechanisms. We additionally
observed down-modulation of total protein levels by the same experimental methods
which suggested protein degradation, shedding of soluble MICA, decreased production of
mature MICA, or shortening of protein half-life as possible mechanisms. Yet, when we
examined this phenomenon by a different experimental method, western blotting, we

observed no change in MICA protein levels at the predicted molecular weight during
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HSV-1 infection that would suggest endocytosis or retention. However, we have also
observed higher molecular weight protein bands that demonstrate decreased protein
levels in HSV-1 infected conditions.

Future experiments are aimed at resolving the discrepancy in observations
between FACS and western blotting data. This is being done by testing if the anti-MICA
antibodies utilized in our experiments are recognizing different forms of MICA protein
which are selectively down-modulated by HSV-1. To determine if the native form of the
protein is detected to a different extent than the denatured form caused by standard
western blotting techniques, native protein western blotting techniques, which limit the
amount of protein denaturing and reduction through SDS and BME, will be utilized.
Deglycosylation studies utilizing PNGase F, Endo H, and O-glycosylase will also be
performed to determine if antibody detection or HSV-1 down-modulation is dependent
upon glycosylated forms of the protein. These will be performed on both endogenous
U373 MICA and transfected recombinant MICA. To study the effect of HSV-1 infection
on the mRNA quantity of transferrin receptor for comparison to MICA, RT-qPCR
experiments will be performed utilizing primers amplifying transferrin receptor cDNA.
Flow cytometery data demonstrating decreased surface MICA upon infection with
recombinant viruses deleted of the y,34.5 neurovirulence gene will be refined for
publication quality and inclusion in the original research manuscript.

Pulse-chase experiments through the biotinylation and isolation of de novo MICA
protein followed by western blot detection will also be performed in mock infected and
HSV-1 infected U373 cells to determine the baseline half-life of MICA protein and
observe alterations in half-life caused by HSV-1 infection. It is anticipated that the half-

life of MICA protein is longer than the timeframe of down-modulation observed in past
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experiments. It is also anticipated that HSV-1 alters this half-life to increase the natural
degradation of the protein.

Initial optimization experiments testing the functional consequences of MICA-
specific down-modulation are also being performed. These are utilizing the NK92 natural
killer cell line as effectors, U373 cells under mock and HSV-1 infected cells as
experimental targets, and K562 cells as control targets. NK cell mediated cytotoxicity
will be measured by LDH spectrophotometery at increasing geometric ratios of effectors
to targets. To obtain a scale of MICA specific cytotoxicity, MICA negative controls
obtained by either transfection with CMV UL-142 or anti-MICA antibody blocking will
be used along with heat shocked, oxidatively stressed, or heat shock protein transfected
cells for MICA positive controls. Because previous literature has demonstrated no change
in other NKG2D activating ligands during infection, anti-ligand antibody blocking will
not initially be required but can be performed. It is anticipated that HSV-1 mediated
down-modulation of surface MICA will decrease NK cell cytotoxicity of targets at levels
comparable to the MICA negative controls.

The anticipated effect of this phenomenon on the anti-tumor efficacy of oHSV
therapy is summarized at the conclusion of the manuscript in preparation as being
negative by decreasing NK cell activation and subsequent immune-mediated tumor
clearance. The HSV-1 mechanism of MICA down-modulation must be addressed for
better design of recombinant viruses either unable to down-modulate MICA or increase
MICA and NK cell recognition and activation. Therapy with such oncolytic viruses could

significantly improve patient survival as an adjuvant to current treatments.
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