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General Introduction

Human Herpesviruses
Morphology and classification

Our first knowledge of human
herpes can be traced back to the
ancient Greeks, who coined the phrase:
‘herpes’. Hippocrates used this term to

nucleocapsid
fegument

geneme

describe lesions that appeared to creep

or crawl along the skin. The virus that
membrane
causes this condition, herpes simplex
virus (HSV), has been described in

more detail over the past 3 decades.

glycoprotein complex

glycoprotein complex

The spectrum of herpetic disease

continues to expand. Nowadays, the
Figure 1. Diagram of the herpesvirus virion structure.

structure  of this virus is well (Adapted from website: http://web.njit.edu/~pkb3/)

documented (Figure 1).

Herpesviruses are linear double-stranded DNA viruses, consisting of an envelope, a
tegument, a nucleocapsid, and a core. The size of herpesvirus virions varies from 125-260
nm, and the shape varies from spherical to pleomorphic. Virus-encoded glycoproteins,
exhibited as spikes are embedded in the envelope, which wraps the capsid. Herpesviruses
encode a large group of enzymes involved in nucleic acid metabolism, DNA synthesis, and
assembling capsid into the cell nucleus. Virions are processed in the cytoplasm. Production
of infectious virus accompanies the destruction of the infected cells. All herpesviruses are
able to remain latent in the host.

More than 100 different herpesviruses are known to infect vertebrates. Only 8 of them
can infect humans: human herpesvirus 1 to 8 (HHV1-HHVS). They are classified into three
subfamilies based on their biological properties and DNA sequence homology: alpha-, beta-,
gamma-herpesvirinae (Table 1).
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Tablel. Subfamilies of human herpesviruses

Type Synonym Subfamily Primary Target Cell Site of Latency
HHV-1  Herpes simplex virus-1 (HSV-1) o Mucoepithelial Neurons
HHV-2  Herpes simplex virus-2 (HSV-2) o Mucoepithelial Neurons
HHV-3 Varicella zoster virus (VZV) o Mucoepithelial Neurons
HHV-4 Epstein-Barr virus (EBV) Y B-cells and epithelial cells B-cells

. Monocyte, lymphocyte, and Monocytes,
HHV-3 Cytomegalovirus (CMV) B epithelial cells lymphocytes
HHV-6 Roseolovirus B T-cells and epithelial cells T-cells
HHV-7 Roseolovirus B T-cells and epithelial cells T-cells
Kaposi's sarcoma-associated
HHV-8 herpesvirus (KSHV) % Lymphocyte and other cells B-cell
Alphaherpesvirinae

Members of this subfamily have a variable host range and a relative short reproductive
cycle. They spread rapidly in culture, destruct infected cells, and establish latent infections
in neural tissue. Human alphaherpesvirinae include herpes simplex virus type 1 (HSV-1),
herpes simplex virus type 2 (HSV-2), and varicella zoster virus (VZV).

Betaherpesvirinae

Members of this subfamily have a more restricted host range, a long reproductive
cycle and the infection progresses slowly in culture. The infected cells frequently become
enlarged (cytomegalia). Betaherpesviruses establish latent infections in secretory glands,
lymphoreticular cells and kidneys. Human betaherpesvirinae include cytomegalovirus
(HHV-5), human herpesvirus type 6 (HHV-6), and HHV-7.

Gammaherpesvirinae

The host range of this subfamily is the most restricted of all the herpesviruses.
Gammabherpesvirinae predominantly infect B and T cells. They establish latent infections in
lymphoid tissues. Human gammaherpesvirinae include: Epstein-Barr virus (EBV, HHV-4),
and HHV-8 [1].
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Genomic Organization of HSV

Herpes simplex virus is
the prototype of human
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HSV-1 and HSV-2 Figure 2. (A). Diagram of HSV-1 genome with its unique long (UL) and unique
respectively_ The linear short (US) regions, which are flanked by inverted repeats (IR and TR) (Adapted

from: Maertzdorf J t.1993). (B). Genetic map of HSV-1, indicating the location of
double stranded DNA genes and the encoding protein

consists of two covalently (Adapted from website: http://www.dbc.uci.edu/~faculty/wagner/hsv3f.html).
linked components, which are
designated as unique long (UL) and unique short (US) sequences (Figure 2A). The US and
UL sequences are flanked by inverted repeats, that allow the inversion of the two
components to create four isomers. The HSV-1 genome encodes at least 84 polypeptides,
several of which have multiple functions. Thus, the HSV genome encodes more than 100
different functions [2] (Figure 2B). The tegument proteins and glycoproteins are considered
the major targets of the host defense [3, 4].

Epidemiological unrelated HSV strains can be distinguished at the DNA level
either by nucleotide mutations or by the difference of variability in the number of

repeated sequences located within specific regions of the viral genome: US1, US4,
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US7, US8 and US12 [5]. Variations in the number of these reiterated sequences located
within the introns of US1 and US12 have been used to distinguish between different
HSV-1 strains in epidemiological studies [5, 6]. Hayward et al. were the first to suggest
that restriction endonuclease pattern could be used to differentiate between HSV strains
[7]. This method, referred to as restriction fragment length polymorphism (RFLP)
analysis, has been used to demonstrate that individuals can be infected with different
strains of HSV at the same anatomical site [8]. A limitation of the RFLP method,
however, is that it is laborious and needs infectious virus. The workload and the
requirement of infectious virus, have limited its application in clinical studies. To
overcome these shortcomings, Maertzdorf J et al. have developed a PCR-based
technique to differentiate HSV-1 strains. This PCR-based assay employs amplification
of the hypervariable regions containing introns of US1 and US12 genes to get variable
amplicon lengths from different HSV-1 strains [9]. Recently, Norberg et al. have
designed a PCR-RFLP assay to classify clinical HSV-1 isolates into three distinct
genotypes A, B and C. The classification was based on different restriction enzyme
cleavage patterns in distinct regions of the HSV-1 viral US4, US7, and US8 genes [10].

Replication and latency of HSV

Attachment and penetration

The initial step of HSV infection is
the attachment of the virus to the cell
membrane. The cell surface receptors
include HVEM (herpes- virus entry
mediator); a member of the TNF receptor
family), nectin-1 and -2 (members of the
immuno- globulin superfamily), and
heparan sulphate [11, 12]. The HSV
ligands for heparan sulphate are
glycoproteins B (gB), gC, and gD.
Glycoprotein D is the ligand of HVEM,

nectin-1 and nectin-2 [3]. Recently Satoh Figure 3. A simplified diagram of HSV replication (Adapted from
website: http://www.bioedonline.org/hot-topics/stds.cfim).

T et al. demonstrated that the paired
immunoglobulin-like type 2 receptor a (PILRa) is an additional receptor that associates
with HSV-1 gB during the attachment [13].

Virus penetration involves direct fusion of the viral envelope with the host cell
membrane. Viral gB and the heterodimer gH/gL are essential in the fusion step [3]. Upon
penetration the viral capsid-tegument structure is released into the cytoplasm where the
capsid-tegument structure subdivides into their respective parts. The tegument proteins

~6~
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execute crucial functions for the initiation of viral replication, while the capsids are
transported to the host nuclei at which viral DNA is released.

Gene expression

HSV transcription and protein synthesis is temporally regulated. HSV genes are
divided into 3 groups based on their time and requirements for expression: a, B and y
proteins (Figure 4). In the immediate-early phase (alpha-phase, 2-4 hours post-infection),
five alpha genes are expressed. They encode for infected cell proteins (ICPs): ICP0, ICP4,
ICP22, ICP27 and ICP47. Alpha genes are important in priming the cell for subsequent
viral gene expression and to mobilize the cellular transcription machinery. Beta genes are
expressed in the early phase (beta-phase, 5-7 hours post-infection) and precede the onset of
viral DNA synthesis. They are either directly or indirectly involved in genome replication.
During the late phase (gamma-phase, timing depends on viral DNA synthesis) viral
structural proteins are expressed in high abundance. Gamma proteins are involved in
assembling the capsid in the nucleus and modifying the membrane for virion formation [4].

Assembling and processing

Viral capsids assemble in the nucleus and bud into the cytoplasm from the nuclear
membrane by a process of envelopment and de-envelopment. Virions acquire their final
envelope by budding through the membrane of the trans-Golgi network [14, 15]. Enveloped
infectious virions can either remain cell-associated and spread directly from cell-to-cell, or
are released from the infected cells as cell-free virus [15] (Figure 4).

fusion PLASMA MEMBRANE

uncoating @ CYTOPLASM
immediate early early late
NUCLEAR  gamma proteins
MEMBRANE oo badaprotave
NUCLEO- _ pantiva s vt | o, e A ? ?
PLASM T — _—
. - q::rrp I _J' /| protsns
ranscription Dhl.r!.\ - )f 1—::‘_ \ ‘éi—
replication T —--;*'*Q': assembly
@

Figure 4. Expression of immediate early, early and late genes during lytic HSV infection (Adapted from website:
http://pathmicro.med.sc.edu/mhunt/dnal .htm).
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Latency

Latency is a state of infection in which the viral genome is present in a non-replicating
state in an infected cell from which the virus can reactivate intermittently. The ability of
HSV to establish latency in the ganglia of the peripheral nervous system and periodically
reactivate is critical to its survival and spread in human populations [16]. The confirmed
sites of HSV-1 latency are sensory neurons within the sensory ganglia innervating the site
of primary infection [17]. Following replication in mucosal cells, HSV enters sensory
neurons by fusion at the axonal termini. The capsid, which contains viral DNA, is carried
by retrograde axonal transport to the nucleus in the cell body of neurons. Non-neuronal
sites of latency may exist, and some groups advocate the cornea as extra-neuronal site of
HSV-1 latency [18, 19]. During the latency phase, the lytic gene expression is repressed and
the latency-associated transcript (LAT) is overtly expressed.

There is growing evidence that the HSV-1 latency in sensory ganglia is controlled by
the adaptive immune system. The function of CDS8" T cells in HSV-1 has been
demonstrated both in mice and humans. HSV-specific CD8" T cells inhibit HSV-1
reactivation by means of IFN-y or cytolytic effector molecules such as perforin and
granzyme B [20-23]. The establishment and maintenance of HSV latency is an interaction
between the virus, neurons and a local virus-specific T-cells response.

Reactivation

Reactivation of latent HSV-1 can be induced by local stimuli, such as trauma, tissue
damage and UV light exposure, or by systemic stimuli, like stress, hyperthermia, and
hormonal imbalance [24]. During these events virus particles are carried by axonal
transport back to the peripheral tissue; usually to the cells at or near the site of primary
infection. Some productive phase transcripts and proteins can be detected in sensory
neurons, but infectious virus only appears at the periphery. Reactivation may vary in
severity from asymptomatic to severe recurrent disease lesions, depending on the virus load
and host immune status. The frequency of reactivation has been reported to correlate with
the severity of the primary infection and the number of neurons harboring latent virus [25].
In experimental models virus reactivation can be achieved by experimental methods, like
nerve dissection, corneal scarification, UV-irradiation, cellotape stripping [26],
hyperthermic stress [27] or in vitro, by culture of latently infected ganglia.

Disease manifestations and epidemiology of HSV infections
Irrespective of the HSV serotype, HSV primarily affects skin and mucous tissues by

the orofacial route. Primary and recurrent infections of HSV and VZV differ in their clinical
presentation. Primary VZV infection causes disseminated disease (varicella or chickenpox)
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and the recurrent VZV infection is largely confounded to one or a few more dermatomes
(shingles or herpes zoster). In contrast, HSV causes more localized infections principally at
the same anatomic location during both primary and recurrent disease. Clinical lesions
appear 2-20 days after primary infection and last for about 1-3 weeks. Whereas only 20%
of the primary infection cases develop clinical disease, virus shedding and subsequent
transmission can occur in both clinical and subclinical cases [28]. Severity of HSV
infection depends on a variety of viral and host factors such as virus strain, virus dose, route
of entry and release, replication rate, and the age and immune status of the host [29, 30].
HSV-1 accounts for the majority of non-genital HSV-induced infections in humans, with
60% to 80% of the world population reportedly HSV-1 seropositive [28]. Although most
genital HSV infections are historically caused by HSV-2, today an increasing proportion is
attributed by HSV-1 [31, 32].

Epidemiology of ocular HSV infections

Ocular manifestations are only observed in about 1% of those exposed to HSV-1
infection. Only about 5% of ocular infections are primary infections [33]. The incidence of
herpetic eye diseases is reported to be about 8 new cases per 100,000 person-years. Overall,
the prevalence of ocular infections has been estimated to be 149 cases per 100,000 person
years [34]. The majority of primary clinical diseases appear as blepharitis, conjunctivitis
and epithelial keratitis (54-63%). While among the recurrent diseases, which are the main
problems to cause irreversible vision loss, infectious epithelial keratitis (IEK) and herpetic
stromal keratitis (HSK) are the main clinical manifestations [35, 36]. Recurrence rates of
ocular HSV infections have been recorded in one-third up to 63% of patients and are more
frequent in children and young adults [37, 38]. Nowadays, the introduction of the antiviral
drug acyclovir (ACV), and the combined use of antiviral and immunosuppressive treatment
have dramatically improved the visual prognosis of ocular HSV-1 infections [39-41].

Immune response to HSV

Upon HSV infection, the host immune system exhibits two types of responses to clear
the virus. A non-specific immune response, referred to as innate immunity, starts
immediately after viral infection. Macrophages, nature killer (NK) cells, and
polymorphonuclear cells (PMN5) infiltrate the site of infection to provide the first line of
defense. This innate immune response will last several days. However, complete viral
clearance and control of latency largely depends on the development of an adaptive
immune response involving both T- and B-cells. It takes several days to initiate an adaptive
immune response and once installed this will last for the whole life of the host [42].

~ 0~



Chapter 1
Innate immune response

For the naive host, innate immunity is very important to combat infections.
Macrophages and PMNs are the main effector cell types involved and eliminate the virus
directly by phagocytosis or indirectly by the secretion of immune-stimulatory cytokines and
chemokines like tumor necrosis factor (TNF), interleukin 1 (IL-1), and IL-6 and IL-S,
respectively [42]. Nature killer cells exert their anti-viral functions by secreting IFN-y to
inhibit the viral replication [43, 44]. They also recognize viral antigens expressed by
HSV-infected cells independent of molecules of the major histocompatibility complex
(MHC). Opsonization of virus-infected cells by virus-specific antibody or complement, will
lead to recognition and cell killing by macrophages, PMNs and NK cells [45]. The
down-regulation of MHC class I, due to HSV-encoded immunemodulatory molecules like
ICP47, render infected cells more susceptible to NK cell killing [46]. Cytokines and
chemokines secreted by cells of both the innate and adaptive immune system, and the
infected cells themselves, are of importance in the defense against viral infections.
Cytokines are mainly in charge of inhibiting virus replication, activating lymphocytes, and
the induction of MHC class II, and co-stimulatory molecules [42]. Chemokines have a more
pro-inflammatory effect and have a pivotal role attracting inflammatory cells to the site of
infection [47, 48]. Overall, innate immunity prevents the dissemination of the virus in the
early stage of infection, and plays a pivotal role in the initiation of the subsequent adaptive
immune response.

Adaptive immune response

Both the humoral and cellular arms of the adaptive immune system play an important
role in the control of HSV infections. In humoral immunity, antibodies neutralize free viral
particles or opsonise virus-infected cells by complement-mediated cytotoxicity or antibody
dependent cytotoxicity (ADCC) to reduce the viral load and the number of virus-infected
cells [49]. Herpesvirus glycoproteins and outer capsid proteins represent the targets for
neutralizing antibodies. Binding of the neutralizing antibodies prevents viral attachment to
host cells. Severe cases of herpesvirus infections observed in patients with antibody
deficiency syndromes implicate a pivotal role of antibodies against herpesvirus infections

Generally, T-cells exert their main function to recognize and eliminate virus-infected
cells. T-cells can be subdivided into two subsets, CD4" and CD8" T-cells. Both T-cell
subsets play a central role in antiviral immunity either directly by their cytotoxic properties
or indirectly by their secretion of cytokines upon activation, and in the case of CD4" T-cells,
by the stimulation of a virus-specific humoral immune response [50]. Patients with
impaired T-cell immunity, like AIDS patients and those under immunesuppresive therapy,
usually develop severe herpetic diseases. This finding indicates that cellular immunity plays

~ 10~
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an important role in controlling HSV infections [51]. In this system, both CD4" and CD8"
T-cells are of significance [52, 53].

Pathology of corneal HSV infections
Corneal morphology

The cornea is the most important light-refracting structure of the eye. It produces the
initial images and cast them onto the lens behind it. The human cornea is composed of five

layers: epithelium, Bowman’s layer, stroma, Descemet’s membrane, and endothelium
(Figure 5).

outside world

orneal epithelium
Bow man's membrane

stroma — —

/Descemet's membrane
endothelium
Ve svpiean

ST PP T SNSRI S v g

anterior chamber

Figure 5. Structure of normal human cornea. (Adapted from http://www.bu.edu/histology/p/0800200a.htm).

The cornea epithelium is a non-keratinising squamous epithelium, with approximately
five to six layers of fast-growing and easily regenerating cells reaching to the thickness of
about 50um. The Bowman's layer is composed of fine collagen fibrils and is about 10um
thick. This acellular layer is limited anteriorly by the basement membrane of the corneal
epithelium. It is assumed to provide a barrier to protect the corneal stroma from trauma and
tumour cells. The corneal stroma is a 0.5mm thick, transparent middle layer, consisting of
regularly arranged collagen fibbers, extracellular matrix, and sparsely populated keratocytes.
The extracellular matrix, composed mainly of sulfated glycosaminoglycans, plays an
important role in maintaining the regular array of collagen fibrils. Keratocytes are the
predominant cells of the stroma. In response to injury, keratocytes migrate into the
wounded area and transform into myofibroblasts involved in repairing damaged corneal
tissue, which will lead to the scar formation. The Descemet’s membrane, which closely
resembles the lens capsule, is produced by the endothelium and is about 10um thick. The
endothelium lies on the posterior surface of the cornea and forms the anterior boundary of

~ 11~
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the anterior aqueous chamber as a single layer of flattened hexagonally arranged cells.
Soluble nutrients in the aqueous humour reach the corneal stroma through a passive
movement of water through Descemet’s membrane and the endothelium. The cells within
these two layers prevent to excessive hydration of the extracellular matrix of the corneal
stroma by active dehydration of the cornea.

Ocular HSV-1 infection disease

Among the eight human herpesviruses, HSV-1 and VZV are the most common causes
of ocular herpesvirus infections [54]. Both viruses can infect all parts of the human eye [36].
Ocular disease caused by HSV-1 ranges in severity from a self-limiting blepharitis,
conjunctivitis, or epithelial keratitis, to potential blinding ocular disease like HSK and acute
retinal necrosis.

Corneal HSV-1 infections

The majority of the corneal HSV-1 infections are superficial. In genuine IEK, the virus
replicates in the epithelial layer of the cornea and causes dendritic ulcers with a clearly
defined and characteristic fractal-like shape. The disease subsides normally without
scarring. The deeper layers of the cornea are involved in about 20% of recurrent herpetic
keratitis (HK) cases. If the infection involves the deeper layers, it can damage the integrity
of Bowman's layer and reach down into the stromal layer to induce HSK, which may lead
to scarring of the cornea, loss of vision, and sometimes even corneal blindness [55]
(Figure 6). HSK is the most common cause of infectious corneal blindness in developed
countries worldwide.

Figure 6. A. Clinical picture of herpetic keratitis. (A), Classical fractal-like epithelial lesions of the cornea of a patient with
infectious epithelial keratitis. (B) and (C),in situ and ex vivo pathology of the cornea of the same patient with herpetic stromal
keratitis. (B), hematoxylin and eosin staining of the excised cornea showing a dense inflammatory cell infiltrate with hyperplasia
of the epithelium. (C), macroscopic picture of the affected cornea showing corneal scarification and edema (Adapted from the
thesis of Remeijer L in 2002, Human Herpes Simples Virus Keratitis: The pathogenesis revisited).

~ 12~
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Pathology of herpetic stromal keratitis

HSV-1 is a leading cause of corneal disease and loss of vision in humans, largely
because of its recurrent nature [40]. Permanent loss of vision is commonly associated with
HSK. HSK is characterized as a chronic immunopathogenic disease. The pathology of HSK
involves the complex interplay between the triggering virus, corneal resident cells and
infiltrating inflammatory cells including T-cells and PMNs. Murine HSK models have
provided invaluable insights in the pathogenic immunologic mechanisms involved in the
initiation and perpetuation of HSK. The development of HSK in experimentally infected
mice can be divided into three stages: the preclinical phase, which starts immediately after
the HSV-1 infection until approximately 7 days post infection (dpi); the clinical phase that
starts at approximately 7dpi and progresses through 21 dpi and finally the resolution phase,
which starts at approximately 21 dpi until at least 40 dpi. In the clinical phase, corneal
opacity and neo-vascularisation reach their peak intensity. These symptoms will persist
until the end of the resolution phase [56]. Figure 7 summarizes the events involved in
murine HSK.

PMN:ss infiltrate the HSV-1 infected cornea at two different time points during HSK
disease. Within 18 hours after virus inoculation, PMNs infiltrate the cornea. Their
accumulation is transient and is involved in clearance of infectious virus [57, 58]. After
disappearance of the first wave of PMNs, CD4" T-cells enter the cornea stroma to initiate
the clinical phase of HSK. CD4" T-cells are essential for the development of HSK,
orchestrating the extravasation and activation of the second wave of PMNs, which are the
main effector cells involved in corneal destruction [59, 60]. Langerhans’ cells and
macrophages also migrate to the site of infection in early stage of HSK [61, 62].

The immunopathogenic processes in HSK result from the local coordinated host response
to the triggering virus involving the following immune cells: dendritic cells, macrophages,

T-cells, PMNs and corneal resident cells. These interactions are coordinated by
cytokines and chemokines. Cytokines with known roles in HSK include INF-y, TNF-a,
IL-1, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, and IL-17. TNF-a and IL-1 are pluripotent
cytokines that influence several aspects of HSK, including the infiltration of PMNs, MHC
class II positive dendritic cells, and T-cells following HSV-1 infection [63, 64]. The
infiltration of inflammatory cells is controlled by chemokines that are produced in response
to IL-1 and TNF-a by cornea resident cells, like corneal epithelial cells, keratocytes,
macrophages, and dendritic cells. Recent studies from our group have established that
IL-17 is over-expressed in human HSK corneas, and that the IL-17 receptor is
constitutively expressed by corneal fibroblasts. IL-17 and TNF-a synergistically induce the
secretion of IL-6, and the PMNe-attracting chemokine IL-8 by cultured human corneal
fibroblasts [65].
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Preclinical phase ‘u. *

Clinical phase
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Figure 7. Early events in HSK pathogenesis. HSV-1 infection results in the production of a plethora of proinflammtory cytokines
and chemokines early after infection. These cytokines and chemokines create an inflammatory milieu that makes the corneal
environment favourable for a prompt inflammatory cell influx. In the preclinical phase: (1) Dendritic cells activated by HSV-1 viral
particles. (2) NK cells and macrophages are activated. They kill the HSV-1 virus directly and start to secrete TNF-o and IL-1. (3)
Upon the stimulation of IL-1 and TNF-o, corneal fibroblasts start to secrete IL-8, IL-6 and PAMPS. COX-2 is also produced by
infected fibroblasts. (4) Upon the attraction of IL-8 and PAMPS, PMNs infiltrate into the cornea to clear up the HSV-1 virus. In the
clinical phase: (5) Infiltrated T-cells are activated by HSV-1 or self antigens that are presented by dendritic cells. (6) T-cell express
IL-1, combined with other cytokines, secreted by macrophages, stimulate the corneal epithelial cells and fibroblasts to secrete
GM-CSEF, IL-8, MIP-1a and IL-6. (7) PMNSs are activated by GM-CSF and start to kill the infected and none-infected fibroblasts.
(8) Macrophages secrete IL-12 and stimulate T-cells to produce INF-y. INF-y together with TNF-a induce fibroblasts to produce
antiangiogenic factor IP-10. (9) Besides recruitment of T-cells IL-6 also induce MIP-2 production which related to the PMN
recruitment. (10) COX-2 induced PGE-2, IL-6, and MIP-2 will induce the corneal angiogenesis via VEGF upregulation.
Abbreviations: IL, interleukin; GM-CSF, Granulocyte macrophage colony-stimulating factor; IFN-y, interferon gamma; COX-2,
cycloxygenase 2; PGE2, prostaglandin E2; MIP, macrophage inflammatory protein; IP-10, interferon inducible protein 10; PMN,
Polymorphonuclear neutrophil, NK cells, natural killer cells.
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Treatment of corneal HSV infections

Because most cases of IEK resolve spontaneously within 3 weeks, treatment is largely
focused to minimize stromal damage and scarring. Gentle epithelial debridement and
topical antiviral treatment, like the use of trifluorothymidine (TFT), ACV or gancyclovir
(GCV) are recommended to remove the virus and inhibit HSV-1 replication in the corneal
epithelium, respectively. Response to topical therapy usually occurs within 2-5 days, with
complete resolution in 2 weeks [66]. Failure of epithelial healing after 2-3 weeks suggests
antiviral-induced corneal toxicity or drug-resistant corneal HSV-1. Patients with HSK and
endotheliitis should receive a combined corticosteroid and antiviral therapy to control the
local inflammatory response and to prevent or limit viral replication in the
immune-suppressed corneal tissue, respectively. Whereas corticosteroid therapy should be
tapered to the lowest dosage necessary to control inflammation, antiviral therapy should be
continued until resolution of the lesion [67]. Because corneal cytotoxity is a common
adverse effect of topical antiviral treatment, use of systemic ACV, or newer related
anti-HSV drugs like valcyclovir and famcyclovir, is increasingly preferred in HK patients.
Moreover, systemic ACV prophylaxis decreases the HK recurrences rate of about 45%,
particular in patients with a clinical history of HSK, and achieves therapeutic
concentrations in the aqueous humor to control HSV keratouveitis [68].

Patients with chronic or recurrent HSK commonly develop visually significant corneal
opacities or corneal ulcers. For these patients corneal transplantation, also referred to as
penetrating keratoplasty (PKP), is the only therapeutic option for visual rehabilitation [36].
The prognosis for a successful graft in patients with a history of herpetic keratitis is lower
compared to non-HK patients. This is largely attributable to surgical trauma- and
corticosteroid-induced HSV reactivation of the endogenous latent virus depositing
infectious virus in the graft leading to graft failure [69]. Alternatively, post-PKP HK may be
caused by an exogenous HSV-1 strain present within the transplanted graft: graft-to-host
transmission [70-73]. Tapering immune suppression and long-term prophylactic antiviral
medication reduces the rate of recurrent HK and improves graft survival in HK patients
[74]. Because the visus prognosis of patients with post-PKP HK is poor, the early
identification of PKP patients at risk is of major importance. The presence of HSV and
particularly the HSV-1 genome load within excised corneas may be of diagnostic value to
identify those at high risk to develop post-PKP HK, a common cause of corneal graft
failure.
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Current anti-HSV drugs

Three classes of anti-viral
drugs are effectively used to treat Aenciclonr
HSV infections. Members of the
first class are nucleoside analogues
like ACV, GCV and penciclovir.

Their discovery and implementation
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represented a milestone in the
management of HSV infections.
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drugs like TFT, these new
nucleoside analogues have shown a
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remark- able efficacy and safety
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stration. Consequently, nucleo- side

Figure 8. Effector mechanisms of anti-viral drugs interacting with lytic

analogues have become the standard HSV  replication (Adapted from reference [75]).

anti-HSV drugs. These drugs are

pro-drugs that require metabolic activation by three phosphorylation steps to achieve
antiviral effect. The first phosphorylation step is mediated by the viral enzyme thymidine
kinase (TK). The next two phosphorylation steps are dependent of cellular kinases. The
active component acts as guanosine analogue competing with the natural nucleoside,
resulting in a competitive inhibition of the viral DNA polymerase. Valaciclovir, famciclovir
and valganciclovir are equivalent anti-HSV drugs developed for oral administration [76-79].
The main pharmacological differences between these drugs lie in the bioavailability and the
intracellular half-life.

The second class of anti-herpesvirus drugs include DNA nucleoside analogues and
pyrophosphate analogues, which become incorporated into viral DNA during replication.
These drugs directly inhibit the HSV DNA polymerase and are HSV TK-independent [80].
Incorporation of the drug will disrupt further chain elongation. They include the DNA
nucleoside analogues: idoxuridine, vidarabine, and the pyrophosphate analogue foscarnet
(FOS). FOS is recommended for severe HSV infections refractory to ACV therapy, but
nephrotoxicity is a common side affect opposing the general use of FOS in anti-HSV
therapy.

The third class of anti-herpesvirus drugs are acyclic nucleoside phosphonates
including cidofovir. Like FOS, these drugs directly interfere with the DNA polymerase and
have the disadvantage of being nephrotoxic.

The major weakness of all current anti-HSV drugs is that they only inhibit productive
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infection, but are not effective against latent virus. Figure 7 shows the mechanisms of
action of the anti-HSV drugs. For reasons of toxicity of the class 2 and 3 anti-HSV drugs,
both the nucleoside analogues and TFT are preferred as first-line therapy for the treatment
of ocular HSV-1 infections.

Prevalence and mechanisms of HSV resistance to ACY

Early upon the introduction of ACV in the mid 80s, ACV resistant (ACV®) HSV-1
have been identified [81, 82]. The identification of these viruses in clinical isolates obtained
in the pre-ACV era and from patients not treated with ACV indicates that ACV® HSV-1
variants arise spontaneously without ACV pressure from the natural variability of the HSV
population [83]. The frequency of HSV-1 ACV* variants in ACV sensitive (ACV®) clinical
isolates and laboratory strains range between 10 and 10~ and remained unchanged despite
the widespread use of ACV [84]. Among immune-compromised patients with HSV-1
disease the prevalence of ACV® HSV-1 isolates is higher (4.3-14%) [85, 86]compared to
immune-competent patients (0.1-0.6%) [85, 87-91]. This difference is most likely due to
longer mucosal persistence of ACV® HSV variants caused by impaired local immune
responses. About 50% of the ACV® HSV-1 are cross-resistant to GCV and only rarely to
FOS. In contrast to herpes genitalis and herpes labialis, large surveys on the incidence of
ACYV resistance in HK patients are lacking [75, 77, 92-94]. Currently, only few anecdotal
case reports have been published on corneal ACV® HSV-1 in HK patients [77, 95-98].

In about 95% of the cases, ACV" is associated with alterations within the HSV-1 TK
gene. Less frequent are mutations in DNA polymerase, which may lead to cross-resistance
to FOS [99, 100]. HSV-1 TK is a 376 amino acid (aa) long protein encoded by a open
reading frame of 1128bp. It contains an ATP binding site (aa 51-63), a nucleoside-binding
site (aa 168-176) [101], and 5 evolutionary conserved regions located at aa 55-66, 79-91,
162-178, 212-226, and 281-292 [75]. TK mutations conferring ACV® are frequently found
in these regions and the 7-Gs homopolymer repeat located at nucleotides 430-436 [96, 102].
About 50% of the ACV*-associated aa polymorphisms are due to nucleotide insertions or
deletions, leading to a frameshift reading that potentially results in a truncated TK protein.
The remaining polymorphisms of the ACV® isolates are single aa changes in the TK protein
at sites essential to the enzymatic function of TK. More than 90% of ACV® HSV-1 are TK
deficient (TK®), which lack TK activity or have reduced TK activity, and the remaining
viruses have an altered TK substrate specificity (TK™).

Whereas TK is not essential for HSV-1 replication [103], TK is considered to be
involved in HSV-1 pathogenicity and reactivation [104, 105]. Some groups have claimed
that ACV® strains are not capable of reactivation [105, 106], whereas other groups have
reported the opposite [84, 107]. Because these studies have been performed in experimental
rodent models the relevance of their findings in a clinical setting remains largely unknown.
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The widespread use of ACV to treat successive episodes of disease in patients with
recrudescent HSV-1 disease may induce and subsequently select for ACV® HSV-1 strains
thereby altering the effectiveness of ACV therapy in time. Detailed analyses on the ACV
sensitivity and genetic characteristics of sequential HSV-1 isolates recovered from the same
anatomic site of patients with recurrent HSV-1 disease are a prerequisite to understand the
incidence and clinical significance of ACV® HSV-1 in patients with recrudescent recurrent
HSV-1 disease.
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Scope of the thesis

The aim of the research described in this thesis is to increase our understanding of the virus
and host factors involved in the pathology of HSV-1-induced keratitis in humans.

Chapter 2 expands on previously reported role of IL-17 on the activation of cornea
resident cells leading to the secretion of pro-inflammatory cytokines and chemokines. Since
granulocyte macrophage colony stimulating factor (GM-CSF) is considered to play a key
role in chronic inflammatory diseases by governing the survival and function of infiltrating
PMNs, the present study addresses the putative role of GM-CSF in the pathogenesis of
human HSK.

Chapter 3 expands on studies in the HSK mouse suggesting that different clinical patterns of
herpetic ocular disease may be attributed -at least in part- to the differing biological
behaviour of specific HSV-1 strains. The prevalence and clinical consequences of the US4
and US7 HSV-1 genotypes is addressed in 178 unrelated HK patients.

Chapter 4 expands on studies reporting that cornea transplantation in patients with a
history of HK confers a high rate of post-PKP complications, including recurrent HK,
epithelial defects, and eventually graft rejection. The prevalence and clinical consequences
of HSV-1, HSV-2 and VZV in human corneal tissues (n= 450) obtained after PKP is
determined.

Chapters 5 and 6 relate to ACV resistance of corneal HSV-1 isolates obtained from HK
patients. Chapter 5 reports on the prevalence and molecular characteristics of corneal
acyclovir-resistant HSV-1 isolates among 173 immune-competent HK patients. Chapter 6
describes the detailed analyses of ACV susceptibility and genetic characterization of
sequential corneal HSV-1 isolates of 15 patients with recrudescent HK.
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Granulocyte Macrophage Colony Stimulating Factor
Expression in Human Herpetic Stromal Keratitis (HSK):
Implications for the Role of Neutrophils in HSK

Rui Duan, Lies Remeijer, Jessica M. van Dun, Albert D.M.E. Osterhaus,
Georges M.G.M. Verjans
Investigative Ophthalmology & Visual Science 2007 Jan; 48(1): 277-84.

Abstract

Purpose: Granulocyte macrophage colony stimulating factor (GM-CSF) is considered to
play a key role in chronic inflammatory diseases by governing the survival and function of
infiltrating neutrophils. The objective of this study was to address the putative role of
GM-CSF in the pathogenesis of human herpetic stromal keratitis (HSK).

Methods: Primary human corneal fibroblast (HCF) cultures, and a telomerase-
immortalized human corneal epithelial (HCE) cell line representative for native HCE, were
stimulated with the known HSK inducing cytokines interferon y (IFN-y), interleukin 1B
(IL-1B) and tumor necrosis factor (TNF-at). Alternatively, the T cell cytokine IL-17 was
added solely or simultaneously. Human neutrophils were incubated with conditioned
medium (CM) of the HCF and HCE stimulated with the aforementioned cytokines, or
recombinant GM-CSF, and their viability or activation status determined by flowcytometry.
GM-CSF and IL-8 secretion levels in the CM were determined by ELISA. The
antibody-dependent cellular cytotoxicity (ADCC) of neutrophils towards herpes simplex
virus (HSV) infected HCF was determined by flowcytometry. The expression of GM-CSF
was determined in HSK and control corneal buttons by real-time RT-PCR and
immunohistology.

Results: Compared to IFN-y, CM of either cell type stimulated with IL-1f, or in case of
HCE stimulated with TNF-o or IL-17, delayed neutrophil apoptosis significantly. Only for
HCEF, IL-17 exhibited a synergistic effect with TNF-o.. The anti-apoptotic activity was - in
part - attributable to GM-CSF secreted by the activated HCF and HCE. GM-CSF
stimulation of neutrophils induced their activation and secretion of IL-8. GM-CSF did not
increase the ADCC reaction significantly of neutrophils towards HSV-infected HCF. Finally,
GM-CSEF is expressed in corneas of HSK patients but not controls.

Conclusions: The data presented suggest that GM-CSF, expressed by corneal resident cells
like HCF and HCE, may play a role in the immunopathogenesis of HSK by prolonging the
survival and modulating the effector function of corneal infiltrating neutrophils.
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Introduction

Herpes simplex type 1 (HSV-1) infection of the cornea can induce keratitis clinically
classified into herpetic epithelial keratitis (HEK) and herpetic stromal keratitis (HSK) .
HEK is an acute inflammation and results from viral toxicity of infected corneal epithelial
cells. In contrast, HSK is characterized as a chronic immunopathogenic disease in which
tissue injury and eventually blindness is due to the complex interplay between cells of the
innate and adoptive immune response to antigens expressed in the corneal tissue 2. Studies
performed on the experimental HSK mouse model greatly improved our understanding of
the pathogenesis of HSK. Whereas, dendritic cells, macrophages and CD4" T cells play a
pivotal role in the induction of the disease, neutrophils are considered as the main cell type
directly involved in the destruction of corneal architecture”. The extravasation and function
of neutrophils is coordinated by cyto- and chemokines expressed within the cornea®. The
cells secreting these immune modulatory factors remain ill-defined. Until recently, corneal
infiltrating inflammatory cells have been advocated as the main source. Evidence is
accumulating that tissue resident cells like fibroblasts play an important role as well®®.
Activated human corneal epithelial cells (HCE) and fibroblasts (HCF) secrete key cytokines
like interleukin 6 (IL-6) and IL-8°''. We have recently extended these studies by
demonstrating that human corneal fibroblasts secrete a broad variety of chemokines upon
stimulation with proinflammatory cytokines®. Moreover, we showed that the T cell cytokine
IL-17, expressed within affected corneas of HSK patients, had a modulatory effect on the
secretion of these chemokines®.

Neutrophils normally live for less than 24 hours within the peripheral circulation.
They undergo constitutive spontaneous cell death, referred to as apoptosis, as a mechanism
to facilitate normal cell turnover and immune system homeostasis. Their rate of apoptosis is
delayed upon egress into tissues and subsequent exposure to specific cytokines.'?
Conversely, extended neutrophil survival within tissues can result in persistent
inflammation and tissue damage if these cells are stimulated to secrete their cytotoxic
molecules like proteases and reactive oxidants'". Besides being indispensable for the growth
and development of granulocyte-macrophage progenitors, granulocyte macrophage colony
stimulating factor (GM-CSF) is a major regulator governing the effector function of both
mature macrophages and neutrophils'®. It delays apoptosis and induces the release of
proteolytic enzymes and oxygen free radicals, the latter referred to as the oxidative burst of
neutrophils'> '°. There is mounting evidence for a pro-inflammatory role of GM-CSF in
chronic inflammatory diseases'®. Rheumatoid arthritis is associated with sustained
overproduction of cytokines such as IL-1, tumor necrosis factor (TNF-a), IL-6 and
GM-CSF." Neutralization of IL-1, TNF-o. and GM-CSF has been shown to ameliorate the

19-21

disease symptoms in its representative experimental animal models™ . Moreover, mice

deficient in GM-CSF were largely disease resistant’’. Considering the similarities between
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the pathogenic mechanisms and cell types involved in experimental arthritis and HSK, we
explored the putative role of GM-CSF in human HSK. To address this issue, we determined
the intra-corneal expression and induction of GM-CSF secretion by HCF and HCE upon
stimulation with the known HSK inducing cytokines IFN-y, TNF-o and IL-1B. The
combinative effect of IL-17 and the role of GM-CSF on human neutrophil function were
emphasized. The data show that GM-CSF is expressed in corneas of HSK patients and has
a regulatory effect on neutrophils by prolonging neutrophil survival and function.

Materials and Methods

Cytokines and mAb treatment

Human recombinant IL-1f, IL-17, TNF-a, and IFN-y were obtained from PeproTech
(London, UK). Recombinant human GM-CSF (rhGM-CSF) was obtained from R&D
Systems (Abingdon, UK). For blocking experiments, a neutralizing mouse monoclonal
antibody (mAb) directed to human GM-CSF (clone 3209.1; 5 pg/ml; R&D Systems) and an
isotype matched control mAb was used (clone 107.3; BD Biosciences, Erembodegem,
Belgium). The optimal concentration of the anti-GM-CSF mAb was predefined using
GM-CSF and neutrophils in pilot experiments (data not shown). Secretion levels of
GM-CSF (U-CyTech, Utrecht, The Netherlands) and IL-8 (Biosource, Etten-Leur, The
Netherlands) in cell-free conditioned media (CM) of cytokine stimulated HCF, HCE and
neutrophils were measured according the manufacturers instructions, respectively. The
detection limit of both ELISAs was 10 pg/ml.

Human corneal cell cultures

The local ethical committee approved the study and informed consent was obtained
from all subjects donating clinical specimen. The study adhered to the tenets of the
Declaration of Helsinki. Primary HCF cultures were generated from 4 individual donor
corneas, control corneas obtained from the Dutch Cornea Bank (Amsterdam; The
Netherlands), that had been rejected for transplantation use due to low endothelial cell
counts, and from 2 corneas of HSK patients that underwent therapeutic keratoplasty to
restore sight. The corneas were finely minced and digested with collagenase
(Sigma-Aldrich, Zwijndrecht, The Netherlands) essentially as described elsewhere®.
Adherent cells were cultured in six-well plates in medium consisting of a 1:1 ratio (v/v) of
Dulbecco's Modified Eagle Medium (DMEM) and F-12 Nutrient Mixture (Ham F12)
(Invitrogen, Breda, The Netherlands) supplemented with 10% heat-inactivated foetal
bovine serum (FBS) and antibiotics (from here referred to as HCF medium). HCF cultures,
with a fibroblast-like morphology, were grown in bulk in 162 cm® flasks and cryopreserved
in aliquots. HCF cultures were not contaminated with corneal epithelial or endothelial cells
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(data not shown). Passage 5 - 7 HCF cultures were used throughout the study. As numerous
efforts failed to generate primary human corneal epithelial cell cultures to sufficient cell
numbers, a human telomerase-immortalized corneal epithelial cell line (HCE) was used as
alternative throughout the study®. This cell line, closely resembling native human corneal
epithelial cell, was maintained in defined keratinocyte-serum free medium (SFM medium;
Invitrogen, Carlbad, CA)****. For cytokine stimulation experiments, HCF and HCE were
grown in 6 well plates in HCF and SFM medium, respectively. At confluence,
approximately 3 x 10° cells/well for both cell types, medium of the HCF cultures was
replaced with a serum-free medium (referred to as SF-HCF medium) consisting of DMEM
and Ham F12 (1:1; v/v) supplemented with Insulin-Transferrin-Selenium-X supplement and
0.5% bovine serum albumin (BSA) (all obtained Invitrogen). HCF was left for 5 days on
serum-free medium before stimulation with cytokines. Serum-free medium was used to
maintain a more native biosynthetic phenotype and appearance and to reduce background
levels of cytokine and chemokine production’. Analogously, the SFM of the HCE cultures
was replaced before addition of the cytokines. The HCF and HCE cultures were incubated
in triplicate for 48 hours at 37°C with stimulatory cytokines added at previously defined
optimal concentrations: IL-17 (100 ng/ml), IL-1B (100 ng/ml), TNF-a. (50 ng/ml) and
IFN-y (100 U/ml) in a total volume of 1ml®. Subsequently, cell-free CM was collected and
frozen in aliquots at —70°C. Experiments were repeated at least 3-times.

Assessment of cytokine induced viability and activation of human neutrophils

Human neutrophils were isolated from heparinized venous blood of healthy
individuals using Polymorphprep™ (Axis-Shield, Oslo, Norway), and residual erythrocytes
lysed with BD Pharm Lyse™ (BD Biosciences), according to the manufacturer instructions.
The isolated cell fraction typically contained at least 90 to 95% granulocytes with a
viability of >95% as determined by May-Grinwald/Giemsa and trypan blue exclusion
staining, respectively. The granulocytes obtained consisted almost exclusively of neutrophils
with traces of eosinophils (<1%) as assessed by differential CD16 (Fluorescein-conjugated
anti CD16; clone 3G8; BD Biosciences) expression by both granulocyte subsets using
flowcytometric analyses.”> Moreover, the latter technique confirmed the frequency of
granulocytes in the isolated cells, as defined by May-Grinwald/Giemsa staining, judged on
the differential forward and side scatter pattern of mononuclear cells versus granulocytes
(data not shown). The neutrophils were resuspended in RPMI 1640 supplemented with 10%
heat-inactivated FBS and antibiotics (referred to as R10F; 5x10° neutrophils in 500 pl
medium) and incubated with diluted SF-HCF or SFM medium, or CM of mock- and
cytokine-stimulated HCF and HCE for 18 hours at 37°C in a CO,-incubator. The total assay
volume was 0.5 ml and the dilution, with R10F, of the HCF (1:100) and HCE (1:20) CM
was defined in pilot experiments for optimal distinction between neutrophil survival using
the CM of the cells stimulated with the different cytokines. For blocking experiments, the
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CM were similarly diluted prior to the addition of anti-GM-CSF and the isotype control
mAb. The neutrophils were stained with 20 pg/ml 7-amino actinomycin D (7AAD;
Sigma-Aldrich) for 20 minutes at 37°C and examined by flowcytometry. Based on the study
of Philpott and co-workers 7AAD negative cells were considered as viable non-apoptotic
cells (Vceus).26 Samples were acquired on a FACSCalibur device (BD Biosciences). The
forward scatter (FSC) and side scatter (SSC) acquisition threshold was set to include all
neutrophils, including dead neutrophil events (D), but to exclude mononuclear cells.
Debris was excluded by gating in FSC-7AAD dot plots during data analyses. Percentages
of viable 7AAD-negative events (% V.s) were calculated with the formula 100 x (number
of Vepis)/(mumber of Vs + number of Dgyjs).

Alternatively, neutrophils were incubated, in a total assay volume of 0.5 ml, with
increasing doses of rthGM-CSF, the known neutrophil activating mitogen
lipopolysaccha-ride (LPS; 1 pg/ml; Sigma-Aldrich) or solely R10F for 30 minutes or 18
hours at 37°C in a CO,-incubator to determine their activation status or viability,
respectively.  Neutrophils  stimulated for 30 minutes were stained with
fluochrome-conjugated mAbs directed to CD11b (Fluorescein-conjugated; clone M1/70;
BD Biosciences) and CD62L (phycoerythrin-conjugated; clone Dreg-56; BD Biosciences),
or their respective isotype controls A95-1 (BD Biosciences) and MOPC-21 (BD
Biosciences), respectively. Cell surface expression was analyzed by flowcytometry on a
FACSCalibur device (BD Biosciences). The CM of stimulated neutrophils, collected after 6
hours that was defined as the optimal time point in pilot experiments (data not shown), was
analyzed for IL-8 secretion levels by a commercial ELISA (R&D Systems).

Antibody dependent cellular cytotoxicity assay

The HCF were infected with a recombinant HSV-1 virus (strain v44), expressing
VP16 linked to the green fluorescent protein (GFP), at a multiplicity of infection of 0.02
and incubated overnight. This recombinant HSV-1 strain replicates with virtually normal
kinetics and yields and incorporate the fusion protein into the virion, resulting in
autofluorescent particles”’. As control, HCF were treated similarly but without addition of
virus: referred to as mock-infected HCF. The HSV-1- and mock-HCF (i.e. target cells) were
trypsinized, extensively washed, and incubated at 4°C for 1 hour in HCF medium with
1:200 (v/v) diluted heat-inactivated human pooled serum of donors serologically defined as
HSV seronegative or -positive. Subsequently, neutrophils (i.e. effector cells) were added at
different effector/target-ratios and incubated for 4 hours at 37°C. Alternatively, rhGM-CSF
was added to a final concentration of 100 pg/ml. During the last 20 minutes of incubation
TO-PRO-3 iodide (TP3; final concentration at 25 nmol/L; Invitrogen) was added to
discriminate between viable and nonviable cells®™. Samples were acquired on a
FACSCalibur device (BD Biosciences). The FSC acquisition threshold was set to include
nonviable events. Debris was excluded by gating in FSC-TP3 dot plots during data analyses.
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A region to exclude GFP-negative events was defined in GFP-TP3 or GFP-fluorescence
channel 3 (FL3) dotplots of the dataacquired from cultures that contained mock-infected
HCF. GFP-positive events derived from HCF cultures, infected with the GFP expressing
HSV-1 strain, were displayed in FSC-TP3 or GFP-TP3 dot plots for the definition of viable
HSV-1 infected GFP-positive (GFP™ V) events (i.e. GFP"; TP3-negative events) and
nonviable or dead GFP-positive (GFP" Dguis) events (i.e. GFP'; TP3-positive events).
Percentages of dead GFP-positive cells (% GFP" D) were calculated with the formula
100 x (number of GFP" D) / (number of GFP" Vs + number of GFP" Dqg,).

RNA isolation and real-time reverse transcriptase polymerase chain reaction analyses

Total cellular RNA was extracted from HSK and control corneas with TRIzol LS
reagent (Invitrogen) and subsequently purified using an RNeasy kit (Qiagen, Crawley, UK)
according to the manufacturer’s protocols. The cornea buttons analyzed were obtained from
patients with severe HSV-induced HSK after therapeutic penetrating keratoplasty. Donor
corneas, rejected for transplantation purposes, were included as controls corneas. For
real-time reverse transcriptase - polymerase chain reaction (RT-PCR) analyses, RNA was
converted into single stranded copy DNA using random primers and reverse transcriptase
(all from Invitrogen) according to the manufacturer’s protocols. Relative expression levels
of GM-CSF and the house keeping gene B-actin were measured using the 5' fluorogenic
nuclease assay in real-time quantitative PCR using TagMan chemistry on the ABI 7000
Prism real-time PCR instrument (Applied Biosystems, Warrington, UK). The GM-CSF and
B-actin primer probe sets were obtained from Applied Biosystems assays-on-demand (ID
No. Hs00171266 and Hs99999903, respectively). PCR was conducted using the following
cycle parameters: 95°C, 12 minutes for 1 cycle (95°C, 20 s; 60°C, 1 minute), for 45 cycles.
Analysis was conducted using the sequence detection software supplied with the ABI 7000.
The software calculates the threshold cycle (Ct) for each reaction and this was used to
enumerate the amount of starting template in the reaction. The Ct values for each set of
duplicate reactions were averaged for all subsequent calculations. A difference in Ct values
(ACt) was calculated for each gene by taking the mean Ct of gene of interest and
subtracting the mean Ct for B-actin for each cDNA sample. Relative mRNA expression
levels were calculated using the formula 27",

Immunohistochemistry

Corneal buttons, obtained within 3 hours after surgery, were fixed with formalin,
embedded in paraffin and subsequently cut into 4 pm-thick sections. Following antigen
retrieval by pronase (I mg/ml; Sigma-Aldrich) treatment at 37°C for 12 minutes, sections
were treated with avidin/biotin-blocking kit (Vector Laboratories, Peterborough, UK) to
block non-specific binding sites of biotin/avidin-system reagents. Consecutive slides form
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each cornea were stained with the unconjugated moAbs anti-human GM-CSF (clone 3209.1;
R&D Systems) or IgG1 isotype control (clone 107.3; BD Biosciences). Subsequently, the
streptavidin—biotin immunoperoxidase method was used. The reagents used for the
subsequent steps like biotinylated goat anti-polyvalent immunoglobulin, peroxidase-labeled
streptavidin and 3-amino-9-ethyl carbazole were obtained from Lab Vision (Fremont, CA).

Statistical analyses

The data are presented as the mean =+ standard error mean (SEM). A two-tailed paired ¢
test or a one-way ANOVA with Bonferonni’s posttest was performed using GraphPad Prism
software (GraphPad Software, San Diego, CA). A p value of <0.05 was taken as indicative
of statistical significance.

Results

Conditioned medium from cytokine stimulated human corneal fibroblast and epithelial cell
lines delay spontaneous neutrophil cell death

Studies in the experimental HSK mouse model have demonstrated that neutrophils are
the main cell type associated with collateral tissue damage' . Apoptosis is the physiologic
cell death of neutrophils. However, neutrophil apoptosis within inflamed tissue can be
delayed when neighboring cells like tissue resident cells generate survival factors.'”> We
determined whether human corneal fibroblasts and a human corneal epithelial cell line,
closely resembling native human corneal epithelial cell” **, secrete neutrophil survival
factors in vitro upon stimulation with cytokines known to be involved in the development
of HSK: TNF-a, IL-1p and IFN-y. Compared to mock treated cells, CM of IL-1p and
TNF-a treated HCE significantly delayed in neutrophil cell death at the same level. In
contrast, only CM of IL-1p treated HCF improved neutrophil survival significantly (Fig. 1).
For both cell types IFN-y stimulation had no effect. Subsequently, we determined the
combinatory effect of IL-17, a proinflammatory T cell cytokine potentially involved in the
immunopathogenesis of HSK®. In contrast to HCF, the CM of IL-17 treated HCE showed a
significant delay in neutrophil cell death (Fig. 1). However, in contrast to HCE, incubation
of HCF with combinations of the aforementioned cytokines showed that IL-17 had a
synergistic effect only on the TNF-a-induced secretion of (a) neutrophil survival factor(s)

(Fig. 1).
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Figurel. Conditioned medium of cytokine stimulated human corneal fibroblasts (HCF) and a human corneal epithelial cell line
(HCE) differentially delay neutrophil cell death. Neutrophils were incubated overnight in diluted conditioned medium (CM),
generated by stimulating HCF or HCE for 48 hours with the indicated cytokines, and the percentage of viable neutrophils was
assessed. The CM were diluted with assay medium: 1:100 (HCF) and 1:20 (HCE). The Results, expressed as the mean + SEM of
three independent experiments, are the net values: cytokine minus medium stimulation. The p values were calculated using
one-way ANOVA with Bonferonni post test.

GM-CSF secreted by cytokine treated human corneal fibroblast and epithelial cell lines
contributes to neutrophil survival

Delayed neutrophil apoptosis has been associated with several acute and chronic
inflammatory diseases and appears to be largely mediated by the production of
GM-CSE."*""  To determine whether GM-CSF was contributing to the observed delay in
neutrophil cell death, we determined the GM-CSF secretion levels in CM of the cytokine
treated HCF and HCE cell cultures. For both cell types, only IL-1 and TNF-a stimulation
induced GM-CSF secretion and IL-17 exerted a synergistic effect with TNF-a. Overall,
HCEF secreted approximately 3-times more GM-CSF than HCE (Fig. 2).
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Figure 2. Human corneal fibroblasts (HCF) and a human corneal epithelial cell line (HCE) secrete GM-CSF upon cytokine
stimulation. The HCF and HCE were stimulated for 48 h with the indicated cytokines and the concentration of GM-CSF present in
the conditioned medium was assessed by ELISA. Results are expressed as the mean + SEM of a representative experiment
performed in triplicate. The p values were calculated using one-way ANOVA with Bonferonni post test.

To assess the potential role of GM-CSF in contributing to neutrophil survival directly,
the CM obtained from the HCF and HCE cultures was immunodepleted of GM-CSF using
a specific mAb. First, the kinetics of neutrophil survival in relation to increasing amounts of
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rhGM-CSF was determined. thGM-CSF inhibited neutrophil cell death, even at the lowest
concentrations, during the first for 6 hours of incubation. Only at 20 hours a clear decline of
viable neutrophil numbers, in a dose-response fashion, was observed (Fig. 3A). Secondly,
we defined that the anti-GM-CSF mAb, at a concentration of Sug/ml, inhibited the
neutrophil anti-apoptotic effect of 100 pg/ml thGM-CSF significantly (Fig. 3B).

Finally, the CM of both cell types displaying high neutrophil survival activity were
analyzed. Compared to the isotype control or untreated CM, pretreatment of the CM with a
neutralizing anti-GM-CSF mAb significantly blocked neutrophil survival (Fig. 3C and 3D).
However, for all anti-GM-CSF treated CM analyzed residual neutrophil survival factor
activity remained present.
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Figure 3. GM-CSF secreted by cytokine stimulated human corneal fibroblasts (HCF) and a human corneal epithelial cell line (HCE)
contributes to neutrophil survival. A, Kinetics of neutrophil cell death in relation to increasing concentrations of rhGM-CSF.
Neutrophils were incubating with increasing amounts of rhGM-CSF, or as control medium only, for the indicated time points at
37°C. * p< 0.05, **p<0.01 and*** p<0.001 compared to medium, respectively. B, Anti-GM-CSF mAb specifically neutralizes
rhGM-CSF-mediated neutrophil survival. rhGM-CSF (100 pg/ml) was preincubated with anti-GM-CSF (GM-CSF + aGM-CSF) or
isotype control mAb (GM-CSF + isotype), both at 5 pg/ml, for 30 minutes and subsequently neutrophils added for overnight
culture at 37°C. C and D, diluted conditioned media from HCF (C; 1:100 diluted with assay medium) or HCE (D;1:20 diluted)
cultures, stimulated with the indicated cytokines, were pretreated with Spg/ml anti-GM-CSF (gray bars) or an isotype control mAb
(black bars), and subsequently neutrophils added and incubated overnight at 37°C. White bars, untreated conditioned media. All
results are expressed as the mean + SEM percentage viable neutrophils of representative experiments performed in triplicate. The p
values were calculated using one-way ANOVA with Bonferonni post test.

GM-CSF stimulation modulates the expression of adhesion molecules and secretion of IL-8

by neutrophils

The functional activity of neutrophils is modulated on several levels. Two particularly
important aspects are the priming of neutrophils to undergo an oxidative burst, i.e. release
of reactive oxygen derivates, and simultaneously the mobilization of granule contents.16
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Examples of the latter are CDI1lb, a component of the integrin Mac-1 (i.e.
CD11b/CD18-dimer), and the adhesion molecule L-selectin (CD62L) '**. Consequently,
these adhesion molecules have been advocated as surrogate markers for the neutrophil
oxidative burst”. Additionally, these molecules are important for neutrophil recruitment and
transmigration through the endothelial layer into tissues. Both adhesion molecules are
expressed by resting neutrophils. Upon neutrophil activation, CD11b is mobilized from
granules to the cell surface and membrane bound CD62L is proteolytically shed®. To
evaluate the role of GM-CSF on the expression of these neutrophil activation markers,
neutrophils were incubated with increasing amounts of GM-CSF and the cell surface
expression of CD11b and CD62L was analyzed by flowcytometry. GM-CSF treatment
induced, in a dose-response fashion, the up- and downregulation of CD11b and CD62L,
respectively (Fig. 4A).

A B
0.01 ng Gm.csr - I —— b
0.1 ng GM-CSF * * *
1 ng GM-CSF * * *
10 ng GM-CSF * * *
Medium

0 20 40 60 80 100 0 20 40 60 80 100 0 1000 2000 3000 4000 5000 6000
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Figure 4. GM-CSF stimulation induces the activation and IL-8 secretion of neutrophils. Freshly isolated neutrophils were
incubating with increasing amounts of GM-CSF, LPS (1 pg/ml), or as control medium only, for 30 minutes (A) or 6 hours (B) at
37°C. The expression of CD11b and CD62L on neutrophils was analyzed by flowcytometry. The secretion levels of IL-8 were
determined by ELISA in cell-free conditioned medium. Results are expressed as the mean = SEM of a representative experiment
performed in triplicate. Probabilities were calculated with one-way ANOVA with Bonferonni post test. * p<,0.01 compared to
medium.

In addition to intra-lesional mononuclear cells like macrophages and T cells, tissue
infiltrating neutrophils have been identified as a prominent source of proinflammatory
cytokines and chemokines. Here, we demonstrated that GM-CSF treatment of neutrophils
induced IL-8 secretion in a dose-response fashion (Fig. 4B). Neutrophils stimulated with

LPS, used as positive control, responded accordingly in both assays.

GM-CSF does not significantly increase neutrophil antibody-dependent cellular
cytotoxicity of HSV-1 infected human corneal fibroblasts.

Anti-HSV antibodies, both secretory IgA and IgG, are commonly detected in the tear
film of patients with HSV keratitis®**'. In contrast to the experimental HSK mouse model,
HSV infected corneal fibroblast have been detected in corneas of HSK patients' >, Lysis of
HSV-infected corneal fibroblasts by means of ADCC, considered as the major antiviral
mechanism of neutrophils, may play a role in the pathogenesis of HSK. Accordingly, we
have addressed this issue by analyzing the killing of HSV-1 infected HCF by neutrophils in
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the presence of serum of HSV seropositive versus seronegative donors. Infected HCF were
not killed upon incubation with serum only and mock-infected HCF were not killed by the
neutrophils upon incubation with either serum samples (data not shown). Neutrophils lysed
HSV-1 infected HCF preincubated with serum of HSV seropositive donors to a greater
extent, only significantly different at the highest neutrophil (effector; E)/ HCF (target; T)
ratio: E/T of 100, than cells incubated with HSV seronegative serum (Fig. 5). Addition of
thGM-CSF to ADCC assays has been shown to amplify the neutrophil cytolytic efficiency’>.
Conversely, rthGM-CSF tended to increase, although not significantly, the
neutrophil-mediated killing of HSV-1 infected HCF in the presence of HSV seropositive
serum only at the highest E/T ratio (Fig. 5).
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Figure 5. GM-CSF tends to increase the neutrophil antibody-dependent cellular cytotoxicity reaction towards HCFs. HCF infected
with a GFP expressing HSV-1, preincubated with pooled serum of seronegative (serum Neg) or seropositive (serum Pos) donors,
were used as target cells. Neutrophils were effector cells. The effector-target ratio was as indicated, the incubation time was 4 hours.
Concentration of rhGM-CSF was 100 pg/ml. Shown are the combined results of three independent experiments performed in
triplicate, expressed as the percentage, mean + SEM, of dead GFP+ HCFs identified as HSV-1 infected. Probabilities were
calculated with a two-tailed paired t-test.

GM-CSF is expressed in corneas of HSK patients

Demonstrating that HCF secrete GM-CSF upon cytokine treatment in vitro, challenges
the question whether GM-CSF is expressed in corneas of HSK patients. We first determined
the expression of GM-CSF transcripts in HSK corneas and compared it to control corneas.
The relative transcript levels of GM-CSF were significantly higher in cornea buttons of
HSK patients compared to controls (Fig. 6).



Chapter 2

p=0.01
2004 I

oy [ X}
é Figure 6. Quantification of GM-CSF mRNA expression by
3 150 L real-timeRT-PCR in human corneal buttons. A comparison
£ . .
5 . between cornealbuttons from eyes of eight control subjects
5 . and five patients with HSK is shown. The y-axis represents
2 1004 the relative transcript number of GM-CSF compared with the
£ housekeeping gene B-actin. The median value is indicated
S 504 ° with a line. The probability was calculated using a two-tailed
5 ° paired t-test.
2 e

L] T

Control HSK

Secondly, to determine the cell type expressing GM-CSF immunohistologic staining
was performed on cornea sections of HSK patients. Compared to isotype control, staining
of HSK corneas with a GM-CSF-specific mAb revealed noticeable GM-CSF expression in
the corneal epithelial cell layer. In contrast, limited GM-CSF expression within the corneal
stroma was detected which, based on their cell morphology and localization, could be
addressed to infiltrating inflammatory cells. The corneal fibroblasts did not appear to
express GM-CSF. No GM-CSF expression was detected in control corneas rejected for
transplantation purposes (data not shown). Representative stainings for GM-CSF and an
isotype control on corneas of 2 HSK patients are shown in Figure 7.

Anti-GM-CSF Isotype control

Figure 7. GM-CSF is expressed by cornea-resident cells in corneas of patients with herpetic stromal keratitis. Immunohistologic
staining for GM-CSF (left) and isotype control (right) were performed on cornea buttons of two HSK patients. All images
represent the central view of the cornea with the epithelial cell layer pointing upwards. Hematoxylin counterstaining;
magnification,x200.
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Discussion

The deposition of functional neutrophils in inflamed tissue is essential in the host
defense to curtail infections, but a subsequent controlled elimination of these cells is of
similar importance to prevent the development of a chronic potentially pathogenic
inflammation'* **. Current knowledge on the pathogenic processes involved in chronic
inflammatory responses challenges the previous unappreciated role of tissue resident cells.
Tissue resident cells are able to impose a stromal address code on tissue infiltrating
inflammatory cells, which governs their accumulation, survival, activation and
differentiation™. It is generally accepted that mesenchymal cells, upon activation with
proinflammatory cytokines of macrophage/monocyte (IL-13 and TNFa) and T cell (IFN-y)
origin, are involved in the recruitment of inflammatory cells like neutrophils via the
expression of adhesion molecules and chemoatractants®. However, the factors involved in
prolonging survival and modulating the effector function of these pathogenic neutrophils in
HSK remain ill-defined. Our laboratory is engaged in an ongoing effort to define the
possible role of corneal resident cells, in addition to infiltrating inflammatory cells, in the
disease process. This report evaluates the potential role of GM-CSF in relation to the role of
neutrophils in the pathology of human HSK.

The results presented here demonstrate that GM-CSF is expressed in corneas of HSK
patients, but not in control corneas. The proinflammatory cytokines TNF-a and IL-1B
induced GM-CSF secretion by HCF and HCE. These findings are concordant with similar
studies on other cell types'’. However, the data are in contradiction to a previous study of
Cubitt and co-workers on corneal epithelial cells and HCF*. Whereas both corneal cell
types secreted copious amounts of GM-CSF upon IL-1a stimulation, GM-CSF secretion
could only be induced in HCE by TNF-a.”® This puzzling discrepancy between our data
and the latter study, both studies used similar amounts of TNF-a and cell types, remains
inexplicable. Possibly, differences in culture conditions or donors of which the HCF were
obtained are involved. Unfortunately, efforts culturing corneal epithelial cells from the
cornea donors included, to compare both cell types in our study, were unsuccessful. The
similarities in GM-CSF secretion levels following TNF-a and IL-1o/p stimulation of the
immortalized HCE cell line described here (Fig. 2), and the primary HCE cultures applied
by Cubitt and co-workers™, once more underlines the close resembles of this HCE cell line
to native HCE™ **,

We have recently shown that IL-17, expressed in corneas of HSK patients, modulates
the secretion of various chemokines by cytokine stimulated HCF®. Here, we demonstrate a
new aspect of the T cell specific cytokine IL-17 in terms of its stimulatory action on both
HCF and HCE. Whereas IL-17 itself had no effect, IL-17 selectively enhanced TNF-a
induced GM-CSF secretion by both cell types, consistent with previous studies on different

36-38

cell types™°. The expression of GM-CSF is regulated both by transcriptional and
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post-transciptional mechanisms®. IL-17 shares mainly properties with IL-18 and TNF-o
that these three cytokines activate the transcription factor NF-kB in a variety of cell types
including mesenchymal cells like fibroblasts®. In human colonic myofibroblasts, the
synergistic effect of IL-17 to TNF-a in GM-CSF release was mediated both by the additive
effect of IL-17 on TNF-a-induced NF-kB-DNA binding activity as well as the effect of
IL-17 to stabilize the rapid degradation of the GM-CSF transcript in TNF-a stimulated
cells®®. Interestingly, the IL-1p induced GM-CSF mRNAs were stable and were not affected
by IL-17 in colonic myofibroblasts®®. Given the similarity between cell types, colonic
myofibroblasts and HCF, these mechanisms may have contributed to the synergistic effect
of IL-17 on TNF-a induced HCF secretion of GM-CSF. In case of HCE, the mechanisms
involved are unknown and necessitate additional research.

In contrast to corneal epithelial and infiltrating inflammatory cells, corneal fibroblast
do not appear to be the cellular source of GM-CSF in cornea buttons of patients with severe
HSK (Fig. 7). However, the in vitro data on primary HCF cultures proved otherwise (Fig. 2).
Penetrating keratoplasty (PKP) is the last option to treat patients with severe HSK to restore
sight. Immunosuppressive treatment of these patients, for often many months, prior to PKP
may have differentially inhibited GM-CSF production by the corneal fibroblast compared
to epithelial cells in situ. For obvious reasons cornea buttons from untreated HSK patients
are not available. Studies on the experimental HSK mouse model may provide more insight
into this discrepancy.

We demonstrated that the production of GM-CSF is functionally significant.
Conditioned medium from both cell types stimulated with TNF-a or IL-1f3, with or without
addition of IL-17, prolonged the survival of human neutrophils and this effect was blocked
significantly by a neutralizing GM-CSF specific mAb. However, given the relatively low
GM-CSF levels in the aforementioned CM of cytokine treated HCF and HCE, compared to
the combination of TNF-a and IL-17, other neutrophil survival factors than GM-CSF are
most likely involved (Fig. 1). Noticeably, the CM of IL-17 stimulated HCE that was devoid
of GM-CSF exerted sustained neutrophil survival activity. The potential fibroblast factors
involved may be cytokines like G-CSF or IL-6'% Previously, others and our group have
demonstrated that these proinflammatory cytokines induce IL-6 secretion by HCF and
HCE®'. Studies are of interest to unravel the total spectrum of neutrophil survival factors
differentially secreted by cytokine stimulated corneal resident cells.

In contrast to the HSK mouse model, HSV-infected corneal fibroblast have been
demonstrated in corneas of HSK patients*'*>. The presence of HSV-specific antibodies
within tears of these patients poses the possibility of a neutrophil ADCC response, as part
of their pathogenic role in HSK.***! The in vitro data presented here underlines this option
and are in agreement with other studies using different target cells****. Neutrophil ADCC
depends on the expression of both Fc y receptors and Mac-1*°. GM-CSF has been shown to
improve mAb-dependent cellular cytotoxicity of neutrophils towards various tumor cell
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lines.”> ** This effect was largely attributable to the upregulation of Mac-1, mediating
adhesion and subsequent the neutrophilic oxidative burst once neutrophil-target cell
conjugates have been established by mAb-antigen complexes on the target cell®.
Conversely, addition of GM-CSF did not significantly enhanced killing of the HS V-infected
HCF (Fig. 4). This, despite the ability of GM-CSF to induce the early upregulation of
CDI11b and shedding of CD62L (Fig. 3A), described as surrogate markers for the neutrophil
oxidative burst response, similar as described by others®. Possibly cell type differences (e.g.
expression of Mac-1 ligands) and/or the use of serum antibodies compared to mAbs may
have accounted for this incongruity®***.

The current study is the first to detect GM-CSF expression in corneas of HSK patients.
In vitro studies showed that cytokine stimulated HCF and HCE secreted GM-CSF capable
of inducing the survival, activation and even secretion of the major neutrophil
chemoattractant IL-8 (Fig. 3B). Because chronic inflammation is critical to the loss of
corneal function in the setting of HSK, our data suggest that GM-CSF may represent a
promising therapeutic target to antagonize neutrophil-mediated tissue destruction.
Additionally, cytokine induced expression of GM-CSF may initiate the egress and
activation of macrophages into HSV-infected corneas, as has been demonstrated in
GM-CSF transgenic mice'. Studies are in progress to investigate the putative
proinflammatory role of GM-CSF in the experimental HSK mouse model.
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Prevalence of Herpes Simplex Virus Type 1 Glycoprotein G
(gG) and gl Genotypes in Patients with Herpetic Keratitis
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Norberg, Albert D.M.E. Osterhaus, Georges M.G.M. Verjans
British Journal Of Ophthalmology. 2008 Sep;92(9):1195-200.

Abstract

Aim: Recent phylogenetic analyses on the herpes simplex virus type 1 (HSV-1) genes US4,
encoding glycoprotein G (gG) and US7, encoding gl, of clinical HSV-1 isolates have led to
the classification of HSV-1 into three genotypes, arbitrarily designated as A, B and C. The
prevalence of the HSV-1 gG and gl genotypes and their potential disease association was
determined in a large cohort of patients with herpetic keratitis (HK). Methods: Primary
corneal HSV-1 isolates of 178 HK patients were genotyped by a PCR-based restriction
fragment length polymorphism method targeting the viral genes US4 and US7. Results:
Genotype B was more frequently expressed by the corneal HSV-1 isolates compared to
genotypes A and C. Fifty-five of 178 corneal isolates (31%) had different genotypes in both
loci. No clinically relevant associations were observed between the HSV-1 genotypes and
disease outcome in the HK patients studied. Conclusions: The data presented demonstrate
a high frequency of recombinant corneal HSV-1 isolates and suggest that clinical outcome
of HSV-1-induced keratitis is independent of a gG or gl genotype.
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Introduction

Herpes simplex virus type 1 (HSV-1) infection is a leading cause of visual morbidity
in developed countries. The prevalence of ocular HSV-1 disease, mainly affecting the
anterior segment of the eye, has been estimated at 149 cases per 100,000 US citizens.'
Corneal HSV-1 infections cause a spectrum of clinical manifestations ranging from
blepharitis, acute infectious epithelial keratitis (IEK) to the potentially blinding chronic
inflammatory disease herpetic stromal keratitis (HSK). Patients who have had a corneal
HSV-1 infection risk recurrent corneal disease throughout life. Particularly prolonged or
recurrent episodes of herpetic keratitis (HK) can result in the development of HSK.”

The pathogenesis of ocular HSV-1 disease is dependent on a number of factors,
including the genetic constitution of the virus and host and the host’s immune system.
Current knowledge on the pathogenesis of HK is largely based on studies on experimental
mouse models, which have provided important insights into the role of host factors
involved in both the prevention and immunopathology of HK.>* Differences among inbred
mouse strains have a strong influence on the reactivation of HSV-1 and the disease
phenotype.™® In humans, specific HLA alleles, polymorphisms in the genes encoding
interleukin 10, apolipoprotein E and toll-like receptors, and a gene located within a region
on the long arm of chromosome 21 have been described to affect HSV-1 disease.”'* By
comparison, only a few studies have addressed the role of the viral genotype in the disease
process.'!* Studies in experimental animal models have shown that different clinical
patterns of herpetic ocular disease may be attributed at least in part to the differing
biological behavior of specific HSV-1 strains.' "

Recently, Norberg and colleagues have described that clinical HSV-1 isolates can be
divided into three distinct genotypes, arbitrarily designated as genotype A, B and C.*° The
classification was based on DNA sequencing of the viral genes, located in the unique short
(US) region of the HSV-1 genome, encoding glycoprotein G (gG; gene US4), gl (US7) and
gE (US8). The gE and gl proteins have been shown to form a complex involved in
cell-to-cell spread and the binding of IgG to its Fc receptor. The gG protein is essential for
virus entry through the apical surfaces of polarized cells.”' Genotype-specific synonymous
and non-synonymous nucleotide substitutions have been identified, the latter mutations may
modify the biological activity of the encoding proteins.***' The contribution of the viral
genotype to the clinical entity or outcome of HSV-1-induced diseases is still unknown.

The objective of the current study was two-fold. First, we determined the prevalence of
the US4 and US7 HSV-1 genotypes in a large cohort of 178 unrelated HSV-1 isolates
recovered from affected corneas of HK patients. Second, we explored the possible
association between the viral genotypes and the clinical outcome of HSV-1-induced keratitis.
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Patients and Methods

Patients and clinical specimens

Corneal swabs (n= 178) were obtained for diagnostic purposes at the Rotterdam Eye
Hospital (Rotterdam, The Netherlands) between 1981 and 2002 from otherwise healthy
patients with suspected herpetic corneal lesions. The classification of HK was defined on
clinical criteria.” The corneal swabs were inoculated on human embryonic lung fibroblasts.
The virus was harvested when approximately 75% of the monolayer showed viral
cytopathic effect, typed for HSV-1 or -2 by immunocytology and PCR and subsequently
culture supernatant frozen in aliquots as described previously.”' The clinical items scored
retrospectively were previous history of ocular disease, gender, age, number of recurrences,
regimen and response to therapy (steroid and/or antiviral), cornea transplantation(s),
glaucoma, anatomic location of the lesion and clinical presentation of HK at time of virus
culture and at end of follow-up period (6 £ 2.9 years).The study was performed according
to the tenets of the Declaration of Helsinki, approved by the local Ethical Committee and
written informed consent was obtained from all patients.

HSV-1 genotyping

Total DNA was isolated from the virus culture supernatants using the MagNA Pure LC
total nucleic acid isolation kit and the MagNAPure LC isolation station according to the
manufacturer’s instructions (Roche diagnostics, Almere, The Netherlands). Classification of
the corneal HSV-1 isolates into the three distinct genotypes A, B and C was based on a
PCR-based restriction fragment length polymorphism (RFLP) method as described in detail
previously.” In brief, the PCR was carried out in a 50 pl volume containing 2.5 U
Tag-polymerase with the corresponding buffer containing 15 mM MgCl,, 0.5 uM of each of
the primers, 200 uM dNTP (all from Roche diagnostics) and 10 pl of the purified DNA
sample on a Peltier Thermal Cycler 200 DNA Engine (Bio-Rad, Veenendaal, The
Netherlands. The gG gene (US4) was amplified using the following primers: forward
5’-GACTCTCCCACCGCCATCAG-3" (HSV-1 genome sequence nucleotide positions
136912-136932; GenBank accesion number NC_001806), reverse
5’-TGTCTTCGGGCGACTGGTCT-3" (nucleotide positions 137162-137181). For the gl
gene (US7) the following primers were used: forward
5’-CCTGCTTATTCTCGGGGAGCTTC-3’ (nucleotide positions 139934-139957) and
reverse 5’-AGCAGTTTCGGGTCGCAGGA-3’ (nucleotide positions 140325-140344).
Genotype classification was done by restriction enzyme (RE) analysis. Ten microliters of
the unpurified PCR product was mixed with PfIM I and Dde I (US4 gene) or Sac I and Ple 1
(US7 gene), supplemented with the correct buffer, bovine serum albumin and water to a
final volume of 20 pl (all from New England Biolabs, Leusden, The Netherlands). After
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incubation for 3 hours at 37°C, the samples were run on 3% Metaphor agarose gel
(BioWhittaker) along with a 50 bp DNA marker (Invitrogen, Breda, The Netherlands.
Differential RE cleavage patterns of the amplicons, based on genotype-specific point
mutations within the RE sites, enabled accurate classification of the HSV-1 isolate
analyzed.””*

Statistics

Comparisons of categorical or numeric variables within the group of patients and the
US4 and US7 viral genotypes were done by use of the y’-test, Kruskal-Wallis test or the
one-way analysis of variance with Bonferroni's multiple comparison test. In total 13 clinical
variables were explored in this way.

Results

Recently, Norberg and colleagues described a PCR-RFLP assay for rapid and accurate
genotyping of clinical HSV-1 isolates.” This assay is based on genotype-specific mutations
within RE sites of discrete regions within US4 and US7.° This assay was applied to
determine the genotype prevalence among unrelated corneal HSV-1 isolates from 178 HK
patients. The HK patient group consisted of 108 men and 70 women (mean age, 50 + 22
years). The HK clinical entities included IEK (n= 63), HSK (n= 81), blepharitis (n= 24)
and keratouveitis (n= 10). Based on the genotyping target US4, 46 isolates were classified
as genotype A, 104 isolates were genotype B and 28 isolates were genotype C. Based on the
US7 gene, 52 isolates were classified as genotype A, 86 isolates were genotype B and 40
isolates were genotype C (Table 1). Interestingly, 55 out of 178 isolates (31%) had different
genotype identities in the 2 genotyping targets, suggesting that these isolates are intergenic
recombinants. The most prevalent combinations between US4 and US7 found were A/B (n=
14), B/A (n=21) and B/C (n= 14). Contrastingly, the US4/US7 combinations A/C (n= 2),
C/A (n=1) and C/B (n= 3) were less common (Table 1).

Table 1. Results of cornea HSV-1 isolate genotyping based on HSV-1 US4 and US7 polymorphisms

US4 genotype
A (n=46) B (n=104) C (n=28)
US7 genotype
A (n=52) 30 (16.9)* 21 (11.8) 1 (0.6)
B (n=86) 14 (7.9) 69 (38.8) 3(1.7)
C (n=40) 2 (1.1) 14 (7.9) 24 (13.5)

a Data are the number (%) of corneal HSV-1 isolates assigned to the indicated US4 and US7 genotypes A, B or C
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Table 2. Comparison of the corneal herpes simplex virus type 1 US4 and US7 genotypes and clinical
parameters of the herpetic keratitis patients studied

US4 genotype” US7 genotype”
Clinical parameters” A B C P¢ A B C 2
Affected eye
Right (n=94) 18 (19) 57 (61) 19 (20) .046 22 (23) 44 (47) 28 (30) .028
Left (n= 84) 28 (33) 47 (56) 9(11) 30 (36) 42 (50) 12 (14)
Gender
Male (n= 108) 25(23) 64 (59) 19 (18) 353 27 (25) 50 (46) 31(29) .035
Female (n=70) 22 (31) 39 (56) 9(16) 25 (36) 36 (51) 9(13)
HSV-1 blepharitis
Yes (n=24) 10 (42) 14 (58) 0(0) .029 7(29) 12 (50) 5(21) 976
No (n=154) 36 (23) 90 (58) 28 (18) 45(29) 74 (48) 35(23)
Corneal insensibility
Yes (n=21) 4(19) 16 (76) 1(6) 171 3(14) 16 (76) 2(10) .024
No (n=157) 42 (27) 88 (56) 27 (17) 49 (31) 70 (45) 38(24)
AC sensitation
Yes (n=32) 8(25) 23(72) 1(3) .076 10 (31) 19 (59) 309 134
No (n= 146) 38(26) 81 (56) 27 (19) 42 (29) 67 (46)  37(25)
Glaucoma
Yes (n=39) 10 (6) 23 (13) 6(3) 996 11 (6) 19 (11) 9(5) 986
No (n=139) 36 (2) 81 (46) 22(12) 41 (23) 67 (38) 31(17)
HK entity: history
IEK (n= 63) 16 (36) 36 (35) 11(37) 778 16 (31) 32(38) 15 (36) 872
HSK (n=85) 21 (47) 49 (48) 15 (50) 27 (53) 38 (45) 20 (48)
Conjunctivitis (n=17) 409 12 (12) 1(3) 3(6) 10 (12) 4(10)
Other (n= 13) 4(9) 6(6) 3(10) 5(10) 5(6) 397)
HK entity: end follow-up
IEK (n= 50) 15 (34) 27 (27) 8(24) 666 14 (27) 25 (29) 11(26) .983
HSK (n=93) 22 (50) 53 (53) 18 (53) 28 (55) 42 (49) 23 (55)
Conjunctivitis (n= 16) 4(9) 11 (11) 4(12) 4(8) 10 (12) 5(12)
Other (n=19) 3(7) 9(9) 4(12) 5(10) 8(9) 3(7)
Corneal transplantation
Yes (n=49) 12(7) 33(19) 4(2) 180 17 (10) 25(14) 7(4) 245
No (n=129) 34 (19) 71 (40) 24 (13) 35 (20) 61 (34) 33 (19)
Outcome therapy
Improvement (n= 147) 39(27) 84 (57) 24 (16) 262 44 (30) 67 (43) 36 (24) 373
Stable (n=5) 0 5(100) 0 1(20) 4 (80) 0
Worse (n= 6) 4.(67) 2(33) 0 3(50) 3(50) 0

“HK, herpetic keratitis; AC sensitation, inflammatory cells present in the aqueous chamber; IEK, infectious epithelial. ~ keratitis and
HSK, herpetic keratitis

" Data are the number (%) of corneal HSV-1 isolates assigned to the indicated US4 and US7 genotypes A, B or C.

© Results of 2-sided y’-test. Statistical significant genotype associations are shown in bold.

Next, we linked the genotype data to the patient’s clinical records to look for a possible
association between the patient’s corneal HSV-1 genotype and outcome of disease. Of the
13 clinical variables considered, four variables were identified with at least one or both
p-values for either US4 or US7 smaller than 0.05. The outcomes of the analyses are shown
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in Table 2 and Figure 1A. The relative frequencies of genotypes A and C were significantly
lower and higher in the right and left eye of the patient for both the US4 (p= 0.046) and US7
gene (p= 0.028), respectively. In case of US7, a lower proportion of female compared to
male HK patients were infected with HSV-1 genotype C (p= 0.035). None of the HK
patients who developed HSV-1-induced blepharitis were infected with an US4-based
genotype C virus, while this particular genotype was identified among 28 of 154 (18%) of
the patients with blepharitis (p= 0.029). The US7-based genotype B was significantly
associated with reduced sensitivity of the diseased cornea (p= 0.024; Table 2). All other
clinical parameters of interest, either before or at end of follow-up, including the presence
of inflammatory cells in the aqueous chamber (AC), glaucoma, clinical presentation of
herpetic keratitis, transplantation of the affected cornea, outcome of therapy, patient’s age
and number of recurrences did not show a significant association with either genotype
(Table 2 and Figure 1A).
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Figure 1. The genotype of corneal HSV-1 isolates is not significantly associated with the age or number of recurrences of herpetic
keratitis patients. (A) Corneal HSV-1 isolates of 178 herpetic keratitis patients were genotyped on the HSV-1 US4 and US7 locus
and the 3 alleles of each locus, arbitrarily defined as A, B or C, analyzed for the possible association with the age (upper panel) and
number of recurrences until end of follow-up (lower panel). (B) The US4 and US7 genotypes were combined and analyzed as in (A).
The data were analysed by one-way analysis of variance with Bonferroni's multiple comparison testing. Bars represent the mean
values.

About one-third of the corneal HSV-1 isolates had different genotypes in both loci,
raising the possibility that a specific US4 and US7 genotype combination may affect the
clinical presentation and outcome of disease. The clinical parameters were evaluated for
their possible association with either US4 or US7 genotype combination (n= 9) (Table 3
and Figure 1B). Except for the anatomic location of the lesion (left or right eye) and
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Table 3. Comparison of the corneal herpes simplex virus type 1 US4 and US7 genotype combinations and
clinical parameters of the herpetic keratitis patients studied

US4 and US7 genotype combinations”

Clinical parameters” 4A7A 4B7B 4C7C 4A7B  4A7C  4B7A 4B7C 4C7A 4C7B p*
Affected eye
Right (n=94) 10(11) 30(32) 16(17) 10(10) 1 (1) 13 (14) 11(12) 1(1) 2(2) .038
Left (n= 84) 20 (24) 39 (46) 8(10) 4(5 1(1) 8(10) 3(4) 0 1(1)
Gender
Male (n=108) 15(14) 4238 18(17) 7(7) 2(2) 12(11) 11(10) 0 1(1) 271
Female (n=70) 1521 279 6(9) 7 (10) 0 9(13) 3(4) 1(1) 2(3)
HSV-1 blepharitis
Yes (n=24) 521 9(38) 0 3(13) 2(8) 2(8) 3(13) 0 0 .013
No (n=154) 25(16) 60(39) 24(16) 11(7) 0 19(12) 11(7) 1(1) 3(2)
Corneal insensibility
Yes (n=21) 1(5) 13 (62) 1(5) 3(14) 0 2(10)  1(5) 0 0 330
No (n=157) 29(18) 56(36) 23(15) 11(7) 2(1) 19(12) 13 (8) 1(1) 3(2)
AC sensitation
Yes (n=32) 4(13) 15(47) 1(3) 4(13) 0 6(19) 2(6) 0 0 403
No (n= 146) 26 (18) 54(37) 23(16) 10(7) 2(1) 15(10) 12 (8) 1(1) 3(2)
Glaucoma
Yes (n=39) 6(15) 14(36) 5(13)  4(10) 0 5(13) 4(10) 0 1(3) .980
No (n=139) 24(17) 55(40) 19(14) 10(7) 2(1) 16 (12) 10 (7) 1(1) 2(1)
HK entity: history
IEK (n= 63) 9(14) 25(40) 9(14) 6(10) 1(2) 6(10) 5(8) 1(2) 1(2) .980
HSK (n=85) 16(19) 32(38) 13(15) 4(5 1(1) 11(13)  6() 0 2(2)
Conjunctivitis (n=17) 2(12) 8 (47) 1(6) 2(12) 0 1) 3(18) 0 0
Other (n=13) 3(23) 431 1(8) 2(15) 0 3(23) 0 0 0
HK entity: end follow-up
IEK (n= 50) 8(16) 19(38) 7(14)  6(12) 1(2) 5(10) 3(6) 1(2) 0 991
HSK (n=93) 16(17) 3437 15(16) 5(5) 1 (1) 12 (13) 7(8) 0 3(3)
Conjunctivitis (n= 16) 3(19) 7 (44) 1(6) 1(6) 0 1(6) 3(19) 0 0
Other (n=19) 3(16) 9 (47) 15 21 0 3(16) 1(5) 0 0
Corneal transplantation
Yes (n=49) 9(18) 22(45) 48 3(6) 0 8(16) 3(6) 0 0 .631
No (n=129) 21 (16) 47(36) 20(16) 11(9) 2(2) 13(10) 11(9) 1(1) 3(2)

Outcome therapy
Improvement (n=147) 26 (18) 54 (37) 21(14) 11 (7) 2 (1) 17 (12) 13 (9) 1(1) 2(1) 922
Stable (n= 5) 0 4(80) 0 0 0 1(20) 0 0 0
Worse (n= 6) 2(33) 1(17) 0 2(33) 0 1(17) 0 0 0

# HK, herpetic keratitis; AC sensitation, inflammatory cells present in the aqueous chamber; IEK, infectious epithelial keratitis and
HSK, herpetic keratitis

® Data are the number (%) of corneal HSV-1 isolates assigned to the indicated US4 and US7 genotype combinations indicated.

© Results of 2-sided y2-test. Statistical significant genotype associations are shown in bold.

blepharitis, no significant association with either US4 or US7 genotype combination was
detected (Table 3). In comparison, lesions of patients with corneal HSV-1 isolates expressing
the genotype combination US4A/US7A were more often located in the left eye (p= 0.038)
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and none of the 24 patients with an US4C/US7C genotype combination had blepharitis (p=
0.013) (Table 3). Patients with an US4B/US7C genotype combination were predominantly
males with lesions in their right eye. However, the number of patients expressing this
genotype combination is too low to draw conclusions and warrants re-evaluation in a larger
group of HK patients.

Discussion

Herpetic keratitis caused by HSV-1 is the most common infective cause of corneal
blindness in developed countries, largely because of its recurrent nature.” The clinical
manifestations of HK vary extensively. The most common presentations are blepharitis and
conjunctivitis, with the least common being HSK.' Despite the development of new
therapeutic regimens targeting both the virus and host immune response involved, HSK
remains the most devastating manifestations of herpetic keratitis.”> Whereas more than 80%
of the adult population has acquired HSV-1, only 0.15% will develop herpetic keratitis.
Successful treatment of the disease will benefit from the elucidation of factors, of virus or
host origin, predisposing to the development and severity of HK in the population. The
recent division of HSV-1 into three distinct genotypes has raised the question whether
either viral genotype may be associated with clinical disease patterns.*

In the present study, we first determined the frequency of the 3 viral genotypes within
a large panel of 178 unrelated corneal HSV-1 isolates of HK patients. The genotype of the
isolates was defined by a validated PCR-RFLP method targeting the polymorphic locations
within the viral genes US4 and US7.” The genotype frequencies were not equally
distributed. Genotype B was more frequently expressed by the corneal HSV-1 isolates
compared to genotypes A and C. The genotype frequencies among HK patients resemble
those described recently on 28 Swedish clinical isolates obtained from patients with various
diseases including genital and oral HSV-1 infections.”** Although these data suggest that
neither genotype predisposes to the development of HK, a larger cohort of patients with
other HSV-1 diseases, including patients from other geographical locations in the world, are
warranted to validate this assumption.

Whereas the majority of the corneal HSV-1 isolates displayed a similar genotype for
both the US4 and US7 gene, the genotypes of about one-third of the isolates were disparate.
The data suggest that the latter isolates are intergenic recombinants with recombination
points located between the respective genes. A similar high frequency of intergenic
recombinants has been reported previously, suggesting the relative instability of the HSV-1
genome between both genes.*** Among the intergenic recombinant corneal HSV-1 isolates,
combinations of genotypes A and B were overrepresented whereas genotype A and C
combinations were only rarely identified. These differences may in part be due to the
genetic distance between genotype A and B compared to C.*° Alternatively, genotypes A
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and B may have been introduced in The Netherlands earlier than genotype C, facilitating
genotypes A an B strains to recombine over a longer time frame.

As for other viral infections, the clinical outcome of HK depends on the interaction
between virus and host.>* Based on previous studies in experimental HK mouse models, the
genetic make-up of the virus may affect the pathology of the disease.'*!” Consequently, the
second objective of the present study was to determine the possible association between the
viral genotypes identified and the patients’ clinical parameters. Among the set of clinical
data analyzed, several clinical parameters appeared to be associated to some extent with a
specific genotype. However, the clinical relevance of the associations found is questionable.
Particularly, the statistically significant associations between genotype C and US4AUS7A
and disease in the right eye and, only in case of US7, its high prevalence in male compared
to female HK patients are inexplicable. Additionally, two other disease-related parameters
including blepharitis and reduced corneal sensitivity of the diseased eye tended to be more
or less associated with specific viral genotypes. This is an explorative study in order to look
for clinically relevant associations or clinically relevant combinations of associations. For
that reason no correction for multiple testing was applied. A formal multiple testing
correction for 13 variables and two tests per variable would have led to such a small alpha
value per test that relevant (combinations of) associations would have certainly been
overlooked as non-significant. Of course, the price to be paid here is that one should
afterwards critically judge the resulting (combinations of) associations for clinical
relevance, as they could have quite easily arisen by chance.

Hitherto, the data do not provide conclusive evidence that the US4 and US7 genotypes
predispose to the clinical outcome of HK. The data presented leaves us with the question
which viral genotypes determine the outcome of disease in HK patients and how to identify
these candidate markers. The extensively studied HSK mouse model will be of value to
screen potential virulence genes before in depth analyses on HSK patients. The disease
closely mimics the immunopathology of human HSK and the application of inbred mouse
strains enables to standardize the plethora of host factors involved in the disease process.'”
Furthermore, experiments in the HSK mouse model have shown HSV-1 strain differences
in reactivation and pathogenesis. For instance, the HSV-1 reference strains McKrae and
17syn" reactivate with similar frequency in mouse and rabbit models of disease, whereas
strain KOS does not reactivate in these animals.”**® Moreover, corneal infection of A/J
mice with the HSV-1 strains KOS and RE induces HSK, which is orchestrated by different
effector cells. The disease in KOS and RE infected A/J mice is dependent on CD8 and CD4
T-cells, respectively.”” Thus, virulence genes encoded by HSV-1 truly affect the severity of
corneal disease in mice. Among the 80 HSV-1 genes, only few have been formally tested in
mice for their role in HSV keratitis. Polymorphisms within the HSV-1 genes UL9, UL33,
UL36, UL41, UL42 and US1 have been show to affect corneal virulence in mice and are of
interest to be included in human studies.'* However, it should be kept in mind that the
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genetics of HSV-1 virulence is complicated with the constellation of genes encoded by each
strain. Both the interactions between viral proteins, and viral-host protein interactions,
determine the outcome of disease. Future studies are mandatory to identify and determine
the role of HSV-1 virulence genes involved in HSV-1-induced keratitis. This may
eventually provide new diagnostic means to identify and treat patients more effectively that
are at risk to develop severe herpetic keratitis.
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Prevalence and Clinical Consequences of Herpes Simplex
Virus Type 1 DNA in Human Cornea Tissues
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Abstract

Background. To determine the prevalence and clinical consequences of herpes simplex
virus type 1 (HSV-1), HSV-2 and varicella zoster virus (VZV) in cornea tissues obtained
after penetrating keratoplasty (PKP). Methods. Excised corneas of patients with herpetic
keratitis (HK patients; n=83) and without a history of HK (non-HK patients; n=367) were
analyzed by (real-time) PCR and virus culture for the presence of HSV-1, -2 and VZV.
Additionally, post-PKP donor corneascleral rims (n=273) were analyzed. Medical records
of the transplanted patients were reviewed to determine the risk factors influencing
intra-cornea viral load and graft survival. Results. HSV-1 was the most prevalent
herpesvirus. Presence and HSV-1 DNA load was higher in corneas of HK patients. HSV-1
DNA load in HK patient corneas correlated with age, recurrence free interval, cornea
neovascularization, pre-PKP steroid treatment and severity of disease. Herpesvirus DNA
was detected in 2 of 273 corneascleral rims. Graft survival was inversely correlated with
cornea HSV-1 DNA load in HK patients. Conclusions. The data presented argue for the
implementation of real-time HSV-1 PCR on excised corneas of HK patients to improve
post-PKP diagnosis and therapy. Screening of donor cornea tissues for herpesviruses is
redundant to prevent newly acquired post-PKP HK.
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Introduction

Cornea transplantation, also known as penetrating keratoplasty (PKP), is the most
common and successful human tissue transplantation procedure. During the past decades
the incidence of graft rejection, the leading cause of cornea graft failure, has lowered
extensively. This is largely attributable to improvements in the pre- and post-PKP phase
including updated procedures in eye banking and operating techniques, and more effective
immune-suppressive and antiviral drugs [1].

The two human alpha-herpesviruses (aHHV) varicella zoster virus (VZV) and
particularly herpes simplex virus type 1 (HSV-1) are the principal herpesviruses causing
herpetic keratitis (HK) [2]. Herpetic keratitis ranges from a superficial infection to the
chronic inflammatory disease herpetic stromal keratitis (HSK), the leading cause of cornea
blindness in developed countries [5-7]. About 5-10% of all PKPs are performed on HSK
patients to restore sight [3,4,8,9]. Cornea transplantation on HK patients confers a high rate
of post-PKP complications, including recurrent HK, epithelial defects, secondary infections
and eventually graft rejection. The incidence of post-PKP infectious keratitis varies
between 1.76 -7.4% [10-13]. In addition to recurrent disease in transplanted HSK patients,
HK may develop in cornea grafts of patients transplanted for reasons unrelated to ocular
herpesvirus infections [14-16]. This clinical entity, defined as newly acquired herpetic
keratitis occurs in about 0.9% of all PKP recipients [14]. Recurrent HK is predominantly
initiated by reactivation of the endogenous latent HSV-1 strain [17]. Alternatively, the virus
may be acquired from the donor cornea tissue (graft-to-host transmission) [18-21].

Because the visual prognosis of patients with post-PKP HK is poor, the identification
of PKP patients at risk is of major importance [10-13]. Detection and quantification of
oHHV DNA in recipient and donor corneal tissues obtained at time of PKP may be of
diagnostic value to identify those patients at high risk to develop post-PKP HK. To our
knowledge, this issue has not been examined extensively [22-25].

The aim of this prospective, cross-sectional study was two-fold. First, we determined
the prevalence and quantity of HSV-1, -2 and VZV DNA in excised corneas of a large
cohort of PKP patients with HK (HK patients; n=83) and without a clinical history of
cornea oHHV infections (non-HK patients; n=367). Second, we determined whether the
presence and DNA load of aHHVs detected in the recipient cornea buttons, and the surplus
corneascleral rims of donor corneas obtained post-PKP, might influence graft survival.
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Materials and Methods

Patients and clinical specimens

Cornea buttons were obtained from 450 consecutive patients, undergoing therapeutic
PKP between 1999 and 2004 for visually disabling corneal disease at the Rotterdam Eye
Hospital (Rotterdam; Netherlands). The cohort consisted of 83 HK patients and 367
non-HK patients (Table 1). The classification of HK was defined on clinical criteria [5,6].
Recipient corneas, surplus corneascleral rims of the donor corneas obtained after
trepanation of the central cornea (n=273), and 84 clear eye bank corneas rejected for
transplant purposes due to low endothelial cell counts (<2,300 cells/mm?) were stored
within 4 hours after surgery at —70°C.

The patients’ records were reviewed for clinical features before PKP, during and at end
of follow-up (>4 years). The clinical entities scored were age, sex, regimen and response to
preoperative therapy (steroids and antivirals), recurrence free interval (RFI), cornea
vascularization, post-PKP HK recurrences, cornea epithelial defects or secondary infections,
and graft status at end of follow-up. A graft failure event was scored when there was partial
loss of cornea transparency or complete graft failure. In the HK patient group, 62 and 21
patients underwent a primary PKP or cornea regraft, respectively. Cornea vascularization
was scored counting quadrants of deep vascularization. In contrast to non-HK patients, 50
HK patients (60.2%) received pre-PKP topical steroid treatment consisting of
fluorometholon-acetate (0.1%; n=12), dexamethasone-di-natrium-phosphate (0.1%; n=29)
or prednisolon-acetate (1%; n=9). Long-term pre-PKP systemic acyclovir prophylaxis was
applied to 39 HK patients (47%). The RFI, defined as time from last clinical herpetic keratitis
episode until PKP, varied from 0.5 to 468 months (mean 39.6 £+ 78.4 months). The study was
performed according to the tenets of the Declaration of Helsinki, approved by the local
Ethical Committee and written informed consent was obtained.

Nucleic acid extraction and cDNA synthesis

The cornea tissues were divided through its centre into two equal parts. Tissues were
triturated and DNA isolated using the MagnaPure DNA tissue kit II (Roche Diagnostics)
combined with the MagnaPure LC isolation station (Roche Diagnostics). The eluted DNA
was resuspended in 50ul elution buffer. Total RNA was isolated from triturated one-forth
surplus cornea buttons containing >1 HSV-1 genome equivalent copies (gec) per corneal
cell using Trizol (Invitrogen). The RNA was reversed transcribed using random hexamer
primers, dNTPs and reverse transcriptase (Supersript II) according to the manufacturer’s
instructions (Invitrogen). The isolation of DNA and RNA was performed as described
previously [26].
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Detection of aHHVs by PCR

The aHHV genomes were detected by two different PCR assays: conventional PCR
and real-time PCR (qPCR) assays. The conventional qualitative PCR assays included
amplification of the isolated DNA with aHHV-specific primers and subsequent Southern
blotting as described previously [27]. The qPCR assays were performed as individual
assays in which the human single copy housekeeping gene Homo sapiens
hydroxyl-methyl-bilane synthase (HMBS) was run in parallel with each virus target
sequence of interest [28] The sequences and target genes of the primers/probe-pairs used
have been published previously: HSV-1 genes US4 (glycoprotein G; gG) [29] latency
associated transcript (LAT) [30], UL44 (gC) [31] and UL54 (ICP27) [31], HSV-2 US6 (gD)
[29], VZV gene 38 [29], and the HMBS gene [28]. The amplification of the DNA and
cDNA samples and detection was performed with an ABI Prism 7000 sequence detection
system (Applied Biosystems) as described previously [29]. For standardization of
quantitative virus detection assays, commercially available quantified DNA control panels
(Advanced Biotechnologies) and high-titer virus preparations derived from culture
supernatants were used [26,29]. The sensitivity, as defined by the 95% hit rate on the EM
counted virus stocks, of the qPCR assays were approximately 200 aHHV geq/ml.

Virus culture

Human embryonic lung fibroblasts were grown in 24-well plates in medium consisting
of Dulbecco’s modified essential medium supplemented with 10% heat-inactivated fetal
bovine serum and antibiotics (Invitrogen). For each assay, a one-forth surplus cornea button
tissue section of selected cases was triturated in PBS, inoculated on the monolayers and
evaluated for cytopathic effect regularly for 2 weeks. When cytopathic effect was observed,
the viruses were typed by immunofluorescence [29].

Statistical analyses

Clinical and laboratory data were analyzed using the SPSS statistical software package
version 15 (SPSS Inc.). The Spearman’s rank correlation test was used to detect
associations between viral load and recipients’ age, RFI and graft survival. Fisher’s exact
test was used to compare categorical data. The Mann-Whitney U or Kruskal-Wallis tests
were used to compare the means of two or multiple groups, respectively. The graft survival
was calculated using the Kaplan Meier method and compared between groups using the log
rank test.
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Results

Prevalence of HSV-1, HSV-2 and VZV in recipient and donor cornea tissues

To determine the prevalence of cHHVs in human cornea tissues, excised corneas of
PKP patients and donor corneascleral rims were prospectively collected between 1999 and
2004. The patients were divided on clinical grounds into two groups: HK patients (n=83)
and non-HK patients (n=367) (Table 1).

Table 1. Characteristics of cornea transplant patients and number of excised cornea buttons containing
human alpha herpesvirus DNA.

Gender Age No. (%) corneas with viral DNA®
Diagnosis at time of corneal transplantation N (%)*  (F/M)®  (years + SD) HSV-1 HSV-2 vzv
Patients with history of herpetic keratitis (N=83)
Infectious epithelial keratitis 1(1) 0/1 36 0(0) 0 (0) 0(0)
Immune stromal keratitis 22 (27) 13/9 6416 8 (36) 0(0) 0(0)
Necrotizing stromal keratitis 35(42) 12/23 56+ 16 22 (63) 0(0) 1(3)
Herpetic keratouveitis 2(2) 1/1 43+13 1 (50) 0(0) 0(0)
Endotheliitis 3(4) 1/2 56 +£26 0(0) 0(0) 0(0)
Allograft failure with initial HSK diagnosis 20 (24) 6/14 65+13 9 (45) 0(0) 0(0)
Patients with no history of herpetic keratitis (N=367)
Allograft failure 53(14) 24/28 63+19 0(0) 0(0) 0(0)
Corneal decompensation 9(3) 2/7 56+ 17 2(22) 0(0) 0(0)
Bullous keratopathy 23 (6) 16/7 66+ 19 4 (18) 0(0) 2(9)
Pseudophake bullous keratopathy 50 (14)  23/27 7319 7(14) 24 0(0)
Fuchs’s endothelial dystrophy 97 (26) 62/35 7210 0(0) 2(2) 0(0)
Keratoconus 57(16) 18/39 3613 2(4) 1(2) 1(2)
Trauma 21 (6) 7/14 43+20 0(0) 1(5) 0(0)
Other (e.g scrofulosis, macular corneal dystrophy) 57 (16)  30/27 55+£22 0(0) 1(2) 2(4)

“Number and percentages between brackets.
°F, female and M, male.

The prevalence of acHHV DNA in corneas was determined by conventional qualitative
PCR (HK patients: n=22 and non-HK patients: n=53) or qPCR (HK patients: n=61 and
non-HK patients: n=314). The reason for the separate assays used was that the qPCR assay
was set-up and validated for research purposes at our laboratory early 2003. Unfortunately,
samples assayed with qualitative PCR could not be re-analyzed by qPCR. The data of both
assays are combined when appropriate. HSV-1 DNA was detected more frequently in
corneas of HK than non-HK patients, 40 of 83 (48%) and 15 of 367 (4.1%), respectively
(»<0.0001; Fisher’s exact test) (Table 1). Moreover, the median HSV-1 DNA load (£
interquartile range) was significantly higher in corneas of HK compared to non-HK patients,
0.20+5.1 HSV-1 gec/cornea cell (range, 0.0003 to1,548) and 0.002+0.11 (range 0.0004 to
500), respectively (p=0.012) (Fig. 1A). In comparison, HSV-2 and VZV were detected
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more frequently in corneas of non-HK patients (Table 1). The median HSV-2 and VZV
DNA load in non-HK corneas was 0.0007+£0.02 (range 0.0002 to 2.69) and 0.007+ 0.02
(range 0.0004 to 0.264), respectively. No cornea contained DNA of multiple cHHVs (data
not shown).

Table 2. Detection of HSV-1 transcripts and infectious virus in HSV-1 DNA positive cornea explant buttons

Patient Age Clinical HSV-1 Rcctl}rl’erecncc Relative HSV-1 transcript number* HSV-1
No. (years) Sex Diagnosis® gec/cellb interval® G gC 1CP27 LAT culture®
108 75 M rePKP for HK 1,548 8 163 377 2,977 2,664 Yes
217 84 F FED 500 NA 62 294 586 1,006 No
33 73 M NSK 466 6 61 639 8,931 9,151 No
161 52 M rePKP for HK 26 6 212 177 2,091 2,583 No
249 76 F rePKP for HK 19 6 3 6 70 139 No
209 72 M NSK 16 1 1 32 539 832 No

NOTE. “Clinical diagnosis at time of surgery. RePKP for herpetic keratitis (HK), regraft for recurrent herpetic keratitis in graft;

FED, Fuch’s endothelial dystrophy and NSK, necrotizing stromal keratitis.

"HSV-1 genome equivalent copies (gec) per corneal cell.

“Recurrence free interval, time in months from last clinical herpetic keratitis episode until cornea transplantation. NA, not

applicable.

9Mean relative transcript levels of the indicated HSV-1 genes normalized for B-actin. gG, glycoprotein G; gC, glycoprotein

C; ICP27, infectious cell protein 27 and LAT, latency associated transcript.

eRecovery of infectious virus from the affected corneal tissue.

Several corneas of HK (n= 10) and non-HK patients (n=2), who did not show signs of
active disease at time of surgery, had relatively high HSV-1 DNA loads (>1 HSV-1
gec/cornea cell) suggesting virus replication in the excised corneas. This issue was
investigated by determining the expression of selected HSV-1 transcripts and to culture the
virus from the surplus cornea tissue on indicator cells (Table 2). During a lytic infection the
HSV-1 genes are sequentially expressed in infected cells in a temporal cascade: immediate
early (o, e.g. ICP27), early () and subsequently the late (y; gG and gC) genes. The LAT
gene is transcribed both during lytic infection and latency. The true late (y2) genes,
including gC, are the only HSV-1 genes expressed after the initiation of viral DNA
synthesis, prerequisite to generate viral progeny [32]. Detection of HSV-1 transcripts,
including the y2 gene encoding gC, was restricted to corneas containing >15 HSV-1
gec/cornea cell (Table 2). Whereas the RT-PCR data demonstrate transcription of all three
HSV-1 transcript categories, infectious HSV-1 could only be isolated from the cornea of a
patient regrafted for HSK (patient #108) containing the highest viral load (1,548 HSV-1
gec/cornea cell) (Table 2; data not shown).

Various infectious agents can be transmitted by PKP [33]. Cornea donors are screened
serologically for several viruses, including hepatitis B and C virus, and donor corneas are
commonly cultured to detect bacterial and fungal infections [34]. Various groups have
reported on the presence of HSV-1 in donor cornea tissues and graft-to-host transmission of
HSV-1 through PKP [18-21], advocating the implementation of HSV-1 screening of donor

corneas before PKP. This issue was addressed by determining the presence of cHHV DNA
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in 273 donor corneascleral rims obtained after PKP and 84 clear eye bank corneas rejected
for PKP purposes. Whereas none of the eye bank corneas contained cHHV DNA, HSV-1
DNA was detected in only 2 of 273 (0,73 %) corneascleral rims. HSV-2 and VZV DNA
could not be detected (Table 3).

Correlation between intra-cornea HSV-1 DNA load and clinical parameters at time of PKP

The HSV-1 DNA gPCR data were linked to the patients’ clinical records to determine
possible associations between the HSV-1 DNA load in corneas and the clinical parameters
at time of PKP.

Table 3. Prevalence of human alpha herpesvirus DNA in recipient and donor cornea tissues.
No. (%) corneas with viral DNA*

Origin of cornea tissues HSV-1 HSV-2 \/A%

Excised corneas of HK patients (N=83) 40 (48) 0(0) 1(1)
Excised corneas of non-HK patients (N=367) 15(4) 72) 5(1)
Corneascleral rims (N=273) 2(1) 0(0) 0(0)

Eye bank corneas (N=84) 0(0) 0(0) 0(0)

NOTE. HK and non-HK patients, patients with and without a history of herpetic keratitis, respectively.
“Number and percentages between brackets.

Surprisingly, in both HK and non-HK patients, the HSV-1 DNA load correlated
significantly with the patients’ age (Fig. 1B; r=0.491, p=0.009) and (Fig. 1C; r=0.582,
p=0.029) respectively. In non-HK corneas, this correlation was almost significant when the
viral loads of all aHHVs were combined (Fig. 1D; r=0.370, p=0.058). Preoperative
antiviral and steroid treatment influenced the HSV-1 DNA load in corneas of HK patients.
The viral load was significantly higher in patients treated with steroids (Fig. 1E; p=0.002),
whereas antiviral treatment tended to correlate with higher cornea HSV-1 DNA loads (Fig.
1F; p=0.16). The latter observation is most likely due to the use of antiviral treatment in the
more severe HK cases at our hospital. Both the type of antivirals and steroids used
preoperatively did not correlate with the intra-cornea HSV-1 DNA load (data not shown).
The HSV-1 DNA load in HK corneas diminished gradually with increasing grade of cornea
vascularization (Fig. 1G; p=0.20). Relatively higher numbers of HK patients with HSV-1
DNAP* corneas had fulminant disease (data not shown), and HK patients regrafted for
herpetic keratitis had significantly higher cornea HSV-1 loads compared to immune stromal
keratitis patients (Fig. 1H; p=0.041). Interestingly, the RFI was significantly shorter among
HK patients with HSV-1 DNAP* corneas compared to those with HSV-1 DNA™® corneas
(Fig. 11; p=0.008). The inverse correlation between RFI and cornea HSV-1 DNA load
affirms this observation (Fig. 1J; r=-0.385, p=0.047).
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Figure 1. Correlations of clinical entities and HSV-1 DNA load in excised corneas of cornea transplant patients. A, intra-corneal
HSV-1 DNA load in transplanted patients with (HK) and without (non-HK) a history of herpetic keratitis. B-D, intra-corneal
HSV-1 DNA load in HK patient (B) and non-HK corneas (C), and the combinatory human alpha-herpesvirus DNA load in corneas
of non-HK patients (D) in relation to the patients’ age. Data presented in subfigure D are the intra-corneal HSV-1 (black symbols),
HSV-2 (white symbols) and VZV (grey symbols) DNA load in relation to the non-HK patients’ age. E-H, intra-corneal HSV-1
DNA load of HK patients in relation to preoperative treatment with steroids (E) and antivirals (F), corneal vascularization (G) and
disease entity (H). The presence of HSV-1 DNA (G) and the HSV-1 DNA load (H) in corneas in relation to the recurrence free
interval. The subfigures A and E to I, and B-D and J, represent conventional box-and-whisker plots and scatter plots, respectively.
The statistical analyses used were the Mann-Whitney U test (A, E, F and I), Kruskal-Wallis test (G and H) and Spearman’s rank
correlation test (B-D and J). The numbers in the bar graphs indicated the number of patients within each subgroup. Pos, HSV-1
DNA positive corneas, Neg, HSV-1 DNA negative corneas, ISK, immune stromal keratitis; NSK, necrotizing stromal keratitis and
rePKP, corneal regraft.

Correlation between intra-cornea HSV-1 DNA load and graft survival

At the end of follow-up (average 52430 months), 27 of 83 (32.5%) transplanted HK
patients, and 107 of 367 (29.1%) transplanted non-HK patients, had a graft failure. In both
patient groups, graft failure was more common in patients with a history of previous graft
rejection in the operated eye. Cornea regraft failure occurred at a similar rate between HK
and non-HK patients, 10 of 21 (48%) and 31 of 57 (54%) cornea regrafts were rejected,
respectively.
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Next, the PCR data were linked to the patients’ clinical records to determine if
intra-corneal HSV-1 DNA may have affected graft survival. HK patients with HSV-1
DNApos corneas tended to have a higher risk of graft failure (Fig. 2A; p=0.057). The
significant inverse correlation between intra-cornea HSV-1 DNA load and graft survival in
HK patients (Fig. 2B; r=-0.75, p=0.026) strengthens this association. In contrast, the
presence of HSV-1 DNA in the cornea buttons of non-HK patients did not affect graft
survival significantly (Fig. 2C; p=0.84). The hazard ratio (HR) was 0.90 with a 95%
confidence interval (95% CI) of 0.35 to 2.35. The numbers of VZV and HSV-2 DNA
positive non-HK cornea buttons were too small to be analyzed.

Among the other clinical factors potentially influencing graft survival only cornea
vascularization and pre-operative steroid treatment were significantly different.
Preoperative steroid treatment of HK patients lowered the graft survival significantly (Fig.
2D; p=0.016) (HR=2.99, 95% CI=1.20 to 5.87). In both HK and non-HK patients, graft
survival was lower in corneas with >1 quadrant deep cornea vascularization (Fig. 2E;
p=0.042) (HR=2.14, 95% CI=1.04 to 5.98) and (Fig. 2F; p=0.003) (HR=2.10, 95% CI=1.54
to 4.34), respectively. Presence of HSV-1 DNA in cornea buttons did not correlate with the
number of post-PKP HK recurrences, and cornea epithelial defects or secondary infections
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(data not shown).

Next, we addressed the possibility to identify PKP patients at risk acquiring HSV-1
from the cornea graft. As described above, only 2 of 273 corneascleral rims contained
HSV-1 DNA and HSV-2 and VZV DNA could not be detected. Both HSV-1 DNAP® grafts
were transplanted into HK patients who at end of follow-up, May 2008, did not develop
post-PKP HK or graft failure. Furthermore, none of the transplanted non-HK patients with
oaHHV DNA positive corneas developed HK and 6 non-HK patients developed culture
proven newly acquired HK. However, none of these patients had cHHV DNA in their
corneas nor did they receive a graft in which aHHV DNA was detectable in the donor’s
corneascleral rim (data not shown). Because all 6 non-HK patients were HSV-1
seropositive the newly acquired HK is most likely caused by reactivation of the endogenous
HSV-1 strain.

Discussion

In the present study, we determined the prevalence and diagnostic value of detecting
aHHV-specific DNA in human donor and recipient cornea tissues. Three main findings are
reported. First, cHHV DNA was rarely detected in donor cornea tissues and excised
corneas of non-HK patients. Second, viral DNA load of HSV-1, the most prevalent aHHV
detected in the corneas analyzed, correlated with the patients’ age in both PKP patient
groups. Third, HSV-1 DNA load in corneas was inversely correlated with graft survival of
HK patients.

Laboratory diagnostics on cornea specimens is of additional value to diagnose cornea
disease. The introduction of qualitative PCR, and more recently qPCR, has greatly improved
the sensitivity to detect the etiologic agent in clinical specimens of suspected infectious
keratitis cases [29]. As reported earlier, HSV-1 was the most prevalent cHHV detected in
cornea tissues and more frequently identified in corneas of HK patients (48%) compared to
non-HK patients (4%) [22-25]. The low number of HSV-2 and VZV DNA positive cornea
tissues, as described by other groups [22-25], is most likely due to the different anatomical
location of latent HSV-2 compared to HSV-1 and VZV, and the relative low reactivation
frequency of VZV compared to HSV in immunocompetent individuals [32,35].

Whereas the data confirm the clinical diagnosis in the majority of the HK patients,
detection of cHHV DNA in corneas of non-HK patients is puzzling. The data obtained on
non-HK corneas may be due to cross-contamination or less likely misdiagnosis of the
cornea disease. The James Hill lab has recently shown that about one-third of the 50
healthy adults analyzed daily, shed HSV-1 at least once in their tears during a 30-day
surveillance period [36]. This intermittent and asymptomatic shedding of HSV-1, along
with the 2-log lower median HSV-1 DNA load in corneas of non-HK patients compared to
HK patients (Fig. 1A), suggests that the presence of cHHV DNA in non-HK corneas is
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most likely irrelevant to the disease and represent events of asymptomatic shedding of
reactivated virus in the respective patients [34,37].

HSV-1 remnants have been detected in healed corneas of HK patients and some
groups have interpreted this as cornea HSV-1 latency [38-40]. However, incomplete
clearance of viral DNA following HSV-1-induced intra-corneal immune responses is
equally plausible. Indeed, studies in mice have shown that infectious virus and
subsequently HSV-1 DNA becomes undetectable when immune cells infiltrate the infected
cornea [41]. In our study, and a recent study on a limited number of HK patient corneas
[25], the corneal HSV-1 DNA load decreased gradually with increasing RFI (Fig. 11-J).
Furthermore, the viral load correlated with fulminant disease (Fig. 1H) and pre-operative
steroid treatment (Fig. 1E), whereas cornea neovascularization was inversely correlated
with the cornea HSV-1 DNA load (Fig. 1G). Compared to clinically quiescent HSV-1
cornea lesions, active HK lesions are densely infiltrated with lymphocytes [2,41]. Steroids
inhibit inflammation and deep cornea neovascularization facilitates the egress of
inflammatory cells into affected tissues [41,42]. Altogether, the data support the notion that
local inflammatory responses are involved in clearing the virus from the infected cornea
tissue. This, combined with the detection limit of the PCR assays performed on only
one-half of the corneas analyzed, may account for the inability to detect HSV-1 DNA in the
remaining half of the HK patients analyzed (Table 1).

An interesting yet not reported finding in our study was that the intra-corneal HSV-1
DNA load correlated with the patients’ age in both PKP patient groups (Fig. 1), suggesting a
general phenomenon was involved. Whereas the microbiological spectrum of infectious
keratitis is similar between the elderly (>60 years old) and younger patients, the incidence
of HK and associated morbidity is more common in the elderly [43,44]. Similar
observations have been made in mice. Unlike young mice, adult mice are more susceptible
to severe HSV-1-induced cornea inflammation, which appeared to be largely attributable to
age-related alterations of the immune system [45]. Decline in immune function with
advancing age is a hallmark of aging. As a result, infectious diseases cause more morbidity
and mortality to the elderly [46]. Accordingly, the association between age and HSV-1
DNA load is most likely due to the age-related deprived immune control of latent HSV-1 in
the innervating ganglion [26, 47]. Alternatively, corneas of the elderly may be more
susceptible to HSV-1 infections.

Although the cornea is an immune privileged site, cornea graft rejection is the major
cause of graft failure arguing to identify and treat those PKP patients at high-risk for graft
rejection [1-3]. Extended cornea neovascularization, a history of graft rejection and a
history of herpetic keratitis in the operated eye are considered as important high-risk factors
for graft rejection [2,3]. Analogous to previous reports, corneal neovascularization and
cornea regrafting negatively influenced graft survival in both patient groups [1-4]. In
contrast, however, the incidence of graft failure was not significantly different between HK
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and non-HK patients during the 4-year follow-up period. This discrepancy may in part be
attributable to the fact that our hospital, the only hospital in the Netherlands primary
focused on ophthalmologic diseases, is the national referral center for patients with
complicated cornea disease including severe herpetic keratitis. Alternatively, the favorable
results on HK patients may reflect the instigation of effective combined antiviral and local
immunosuppressive therapy immediately after transplantation.

An additional important finding of our study was that the presence and particularly the
load of HSV-1 DNA in excised corneas negatively influences graft survival in HK patients,
but not non-HK patients (Fig. 2). This parameter correlated with graft survival
independently with the aforementioned high-risk factors. However, as would be expected,
the cornea HSV-1 load correlated with HK severity at time of surgery. Inevitably,
interpretation of the clinical data relies on the experience of the ophthalmologist, arguing
for the need to include updated laboratory diagnostic tools to optimize the differential
diagnosis without ambiguity.

In conclusion, the data demonstrate that the HSV-1 DNA load in corneas of HK
patients correlated with age, recurrence free interval, cornea neovascularization, pre-PKP
steroid treatment, severity of disease at time of surgery and cornea graft rejection.
Implementation of HSV-1 qPCR assays on excised corneas of HK patients will improve
post-PKP diagnosis and therapy to prevent severe HSV-1 related complications in cornea
grafting, especially in the elderly patients. Contrastingly, HSV-1 qPCR assays on donor
cornea tissues have no diagnostic value to predict the development of newly acquired
herpetic keratitis in non-HK patients or graft-to-host transmission of HSV-1 in PKP patients
in general.
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Acyclovir Resistant Corneal Herpes Simplex Virus Type 1
Isolates in Patients with Herpetic Keratitis

Rui Duan, Rory D. de Vries, Albert D.M.E. Osterhaus, Lies Remeijer,
Georges M.GM. Verjans
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Abstract

The prevalence and molecular characteristics of corneal acyclovir-resistant HSV-1 isolates
(ACV®) was determined in 173 immunecompetent herpetic keratitis (HK) patients. Eleven
out of 173 (6.4%) isolates were ACV® and 9 of these patients were refractory to ACV
therapy. Thereof, 5 and 1 ACV® isolates were cross-resistant to gancyclovir or both
gancyclovir and foscarnet, respectively. Ten of the ACV® isolates had mutations in the
thymidine kinase gene presumably conferring the ACV® phenotype. The data demonstrate a
relatively high prevalence of corneal HSV-1 ACV®isolates in HK patients, emphasizing the
need for ACV susceptibility monitoring of HK patients refractory to ACV therapy.
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Chapter 5
Introduction

Herpes simplex virus type 1 (HSV-1) is a leading cause of corneal disease and
blindness in humans, largely because of its recurrent nature [1]. Herpetic keratitis (HK)
manifests predominantly as an infectious epithelial keratitis (IEK) or herpetic stromal
keratitis (HSK). The drugs of choice for treating HK are nucleoside analogues like
acyclovir (ACV) and gancyclovir (GCV), and less frequently the viral DNA synthesis
inhibitors foscarnet (FOS) and cidofovir [2]. These treatments, along with corticoid-steroids
in case of HSK, have resulted in a significant reduction of HSV-1-induced corneal
blindness [1,2]. The antiviral activity and selectivity of these compounds is different.
Whereas both ACV and GCV depend on metabolic activation by the HSV-encoded
thymidine kinase (TK), FOS inhibits the viral DNA polymerase directly as a substrate
analogue of the pyrophosphate formed during DNA synthesis [3]. Among
immune-compromised patients with HSV-1 disease the prevalence of ACV resistant (ACVY)
HSV-1 isolates is much higher (4.3-14%) than in immunecompetent patients (0.1-0.6%)
[4-6]. This difference is most likely due to longer mucosal persistence of ACV® HSV
variants caused by impaired local immune responses [1]. In about 95% of the cases, ACV
resistance is associated with alterations within the HSV-1 TK gene. Less frequent are
mutations in DNA polymerase, which may lead to cross-resistance to FOS [7,8]. In contrast
to herpes genital and herpes labialis, large surveys on the incidence of ACV resistance in
HK patients are lacking [4-8]. Currently, only a few anecdotal case reports have reported on
corneal HSV-1 ACV® in HK patients [4,9-12]. In this study we have determined the
prevalence and molecular characteristics of corneal HSV-1 ACV® in a cohort of 173 HK
patients. Additionally, the cross-resistance to GCV and FOS was determined.

Material and Methods

Patients and clinical samples.

Corneal swabs (n= 173) were obtained for diagnostic purposes at the Rotterdam Eye
Hospital (Rotterdam, The Netherlands) between 1981 and 2005 from otherwise healthy
patients with suspected herpetic corneal lesions. Virus was grown and typed for HSV-1 as
described previously [13]. The classification of HK was defined on clinical criteria [1]. The
study was performed according to the tenets of the Declaration of Helsinki, approved by the
local Ethical Committee and written informed consent was obtained.

In vitro antiviral susceptibility assays.

The susceptibility of corneal HSV-1 isolates to ACV (GlaxoSmithKline), GCV (Roche)
and FOS (AstraZeneca) was determined by a real-time PCR (qPCR) assay as described
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previously [14]. The plaque reduction assay (PRA) was employed to confirm the gPCR
results [14]. Briefly, Vero monolayers in 24-well culture plates were inoculated with 50
plaque-forming units HSV-1. After 1 hr at 37°C, the viral inoculum was removed and the
cells incubated in triplicate with different concentrations ACV, GCV or FOS diluted in
DMEM supplemented with 1% fetal bovine serum and 0.6% methylcellulose (Acros
Organics). At 72 hrs post inoculation (p.i.), plaques were visualized after fixation of the
monolayers with 4% paraformaldehyde and staining with 0.2% crystal violet.

The qPCR was performed similar to PRA with the exception that the cells were
infected with 100-fold diluted corneal HSV-1 isolate stocks [14]. At 24 hours p.i,
supernatant was discarded and cells treated with 300 pl lysis buffer (2.5 mM MgCl,, 50
mM KCI, 10 mM Tris-HCl, 0.45% Tween 20, 0.45% Nonidet-P40, 200 pg/ml proteinase K)
and incubated at 56°C for 90 min. Ten pl of the 10-fold diluted lysate was subjected to
qPCR using the Applied Biosystems 7000 Sequence Detection system as described
previously [13]. Viral load was determined from a standard curve generated on a stock of
HSV-1 strain McIntyre counted by electron microscopy (Advanced Biotechnologies) [13]
and the HSV-1 isolates were assayed >2-times. The ICs, was defined as the concentration of
antiviral drug that reduced the number of plaques or viral copies by 50% compared to the
control infected cells without antiviral added. Isolates were considered resistant to ACV and
GCV at ICs5p>2 uM for PRA and ICsp>1 uM for qPCR. For FOS, isolates were considered
resistant at [C5;>200 uM for PRA [14].

DNA sequencing.

DNA was isolated from supernatants of HSV-1-infected Vero cellsusing MagNA Pure
LC total nucleic acid kit (Roche). The TK gene was amplified by PCR with 200 pmol of
forward (5’-TGGCGTGAAACTCCCGCACCT-3") and reverse
(5’-CCCATAAACGCGGCGAATCG-3’) primer. Amplification conditions included
denaturation for 4 min at 94°C, 30 cycles (1 min at 94°C, 45 s at 50°C and 2 min at 72°C)
and a final extension step for 5 min at 72°C. The 1,131 bp amplicon was purified using a
MINelute Gel extraction kit (QIAGEN). The entire TK open reading frame was sequenced
on the ABIprism 3130 xI genetic analyzer with the BigDye Terminator v.1 cycle sequencing
kit (Applied Biosystems) using both external primers as above, as well as sense
(5’-CGCCCAGATAACAATGGGC-3’) and anti-sense
(5’-TCTGTCTTTTTATTGCCGTCAT-3’) internal primers.

Western blotting.

The TK protein size was determined by Western blotting using two polyclonal
antibodies directed against different regions of HSV-1 TK (Santa Cruz; (sc-28037 and
sc-28038). Extracts from HSV-l-infected Vero cells were prepared by lysis and

~79 ~



Chapter 5

denaturation for 10 min at 95°C, and subjected to electrophoresed through an acrylamide
gel and blotted on a PVDF membrane (Amersham). After overnight blocking with 5% milk
powder, the PVDF membrane was incubated with the primary (1:500) and secondary
antibody (1:5000; HRP-conjugated donkey-anti-goat; Santa Cruz). Subsequently,
chemiluminescent substrate (ECL detection reagent; Amersham) was applied to the
membrane for 1 min prior to exposure of the membrane to X-ray film according to the
manufacturer’s instructions.

Results

Prevalence of corneal HSV-1 ACV®isolates in HK patients.

The HK patient cohort consisted of 102 men and 71 women (mean age 50 * 22 years),
clinical entities included IEK (n= 79), HSK (n= 85) and keratouveitis (KU; n=9). All
patients were treated with ACV during the year preceding sampling. At time of sampling,
25 patients received ACV and 4 patients received trifluorothymidine treatment. gPCR
analyses revealed that 11 of 173 isolates (6.4%) were ACV®, which was confirmed by
subsequent PRA assays (Table 1). Among these 11 ACV® isolates, 5 isolates were resistant
to GCV (R3, R4, R6, R8 and R9) and one isolate (R3) was cross-resistant to both GCV and
FOS (Table 1). The ICss determined by PRA and qPCR were reproducible and correlated
significantly for both ACV (r= 0,82, p= 0.02) and GCV (r= 0,94, p<0.0001; Spearman’s
rank correlation test). Four of the 11 patients received topical ACV at time of sampling,
which is significantly more than patients with ACV-sensitive (ACV®; 21 of 162) HSV-1
(p<0.01; Chi-square test). Nine of the patients (R1-9) with ACV® isolates were clinically
refractory to ACV treatment (e.g. slow epithelial healing and development of severe HSK).
Patients R1, R2, R5, R7 and R9 were switched to FOS or GCV therapy (R6 and R8). This
was initially beneficial to all patients, but during the follow-up period of >3 years corneal
blindness developed in the affected eyes of 7 of 11 patients (R2-R5 and R7-9).

Molecular analysis of HSV-1 ACVX isolates.

Since approximately 95% of the mutations causing ACV® occur in the TK gene [4,7,8],
the entire TK gene of the 11 ACV" isolates was sequenced. Alignment with ACV® (n= 74)
and ACV® (n= 40) HSV-1 TK sequences deposited at Genbank revealed numerous amino
acid (Aa) substitutions in all ACV" isolates (Table 1) [7,8; data not shown]. Ten of 11
ACV® isolates had mutations in the TK gene potentially conferring the ACV® phenotype.
Two isolates had an Aa substitution in the nucleotide-binding site of TK at residue 178
(Leul78Arg; R1 and R7) [7,8]. Isolates R4 and R6 had an in-frame deletion of three
nucleotides leading to loss of glutamic acid and isoleucin at positions 36 and 194,
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respectively. Four other Aa substitutions, not documented for ACV® HSV-1 isolates, were
found: isoleucine to serine (residue 78, R10), serine to asparagine (residue 181, RS),
aspartic acid to asparagine (residue 258, R11) and threonine to proline (residue 354, R2).
The isolates R8 and R9 had an identical single nucleotide insertion in the G repeat region,
located between residues 430-437 [7,8], leading to a frameshift and premature stop codon at
residue 208 (Table 1). The remaining Aa substitutions have been found in both ACV® and
ACVR strains and therefore unlikely associated with resistance [4,7,8].

Western blotting confirmed the predicted truncation of the TK protein of isolates R8
and R9 (Figure 1). With the N-terminal antibody the truncated TK protein was detected,
whereas no protein was visible with the internal antibody. This antibody binds at residues
215-216 (Santa Cruz), which is C-terminal to the frameshift location. The remaining Aa
substitutions identified in the ACV® isolates were also observed in ACVS isolates,
presumably representing natural polymorphisms [2; data not shown].

N-terminal Ab Internal Ab Figure 1. Western blot analysis of altered HSV-1

3 W encoded thymidine kinase (TK) protein in

1 2 3 4 1 2 3 4 {kel) acyclovir (ACV) resistant corneal HSV-1 isolates.
Shown are the western blotting results of two

ACYV resistant corneal HSV-1 isolates R8 (lane 3)

and R9 (lane 4), and the ACV sensitive HSV-1
reference strain KOS (lane 1). Lane 2 shows the

80 mock-infected negative control. The anti-HSV-1
TK polyclonal antibodies used were directed to

- . 50 the N-terminal (sc-28037) or the internal TK
region (sc-28038) located between residues
50-100 and 215-265, respectively (both
antibodies from Santa Cruz). No signal is seen
with the internal antibody, indicated with
.30 asterisks, as the frameshift mutation causes an

-+ altered residue composition after residue 146,
which is not recognized by the internal antibody.
The location of the wildtype and truncated TK
proteins are indicated with closed and open
. 20 arrows, respectively.
Discussion

Since the discovery of ACV 30 years ago, the remarkable efficacy and safety of this
drug represents a milestone in the treatment of HSV infections [3,4]. Until now, resistance
to ACV was rarely reported in otherwise healthy patients [4-6]. This study is the first to
report an unprecedented relatively high prevalence of corneal HSV-1 ACV® isolates (6.4%)
in immunecompetent HK patients. We hypothesize that the high prevalence could be due to
the unique immune privileged site of the cornea, which differs from other HSV-1 infection
sites [15]. In the Rotterdam Eye Hospital, where all patients were included, prophylactic
ACV treatment has largely increased since 1994. Since all ACV® isolates identified came
from patients who presented after 1994, we hypothesize that the increase of ACV

~ 82 ~



Acyclovir Resistant Corneal HSV-1Isolates in HK Patients

prescriptions may have influenced the emergence of corneal HSV-1 ACV® at our hospital.

Several mutations in the HSV-1 TK gene were detected that may confer ACV
resistance in 10 of 11 corneal ACV® isolates. These mutations have not described in ACV®
strains and include multiple Aa deletions and substitutions [7,8; data not shown]. The
arginine to leucine substitution at residue 178 in isolates R1 and R7 is of particular interest
as it is located within the nucleoside-binding site of TK [7,8]. We also report a G insertion
at nucleotide position 430 in 2 ACV® isolates (R8 and R9) with a resulting frameshift
leading to a truncated TK protein (Fig. 1). The GCV/FOS-cross-resistant ACV" isolate R3
had no obvious mutations in the TK gene suggesting that mutations within the DNA
polymerase gene are involved [7,8]. Four of 5 ACV/GCV-cross-resistant isolates (R4, R6,
R8, R9) had frameshift mutations and deletions in the TK gene. These mutations are
probably more detrimental to TK to convert ACV and GCV. Although the molecular and
functional data suggest the significance of the mutations identified, no definitive conclusion
can be drawn for these newly identified TK alterations and their role in ACV resistance
without confirmatory testing by site-directed mutagenesis.

In vitro resistance assays and molecular characterization of HSV-1 isolates are strong
diagnostic tools and should be implemented to rationalize a switch in antiviral therapy in
patients refractory to treatment [3,4]. In our patient cohort, 9 of 11 patients with HSV-1
ACV® were clinically resistant to ACV therapy. Seven of these patients were eventually
switched to other antivirals. Whereas all patients responded initially, corneal blindness
developed eventually in 7 of 11 patients. Because the majority of these patients had HSK, a
chronic T-cell mediated inflammatory corneal disease, their ACV® phenotype may only in
part be responsible for the deterioration of disease in the long run [1]. Nonetheless, if the
anti-viral resistance data were known beforehand a switch to an alternative antiviral would
have been initialized to lower the corneal load, potentially limiting both virus-mediated
cytopathology and intra-corneal deposition of viral antigens recognized by the pathogenic
intra-corneal T-cell response [1].

In conclusion, the data presented show a relatively high prevalence of ACV resistance
in HK patients, compared to other immunecompetent individuals suffering from
HSV-1-induced disease [4-6]. The presence of HSV-1 ACV® strains is commonly associated
with clinical treatment resistance including extension, persistence, or recurrent lesions.
Given the high prevalence and more serious disease, we suggest that resistance patterns of
corneal HSV-1 isolates from HK patients refractory to antiviral therapy should be
implemented as a standard diagnostic tool. This immediate in vitro testing can rationalize a
switch to treatment with GCV, trifluridine and vidarabine or more toxic antivirals like FOS
or cidofovir. This will save precious therapeutic time and may ultimately prevent
development of severe disease including corneal blindness.
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Acyclovir Susceptibility and Genetic Characteristics of
Sequential Herpes Simplex Virus Type 1 Corneal Isolates
from Patients with Recurrent Herpetic Keratitis

Rui Duan, Rory D. de Vries, Jessica M. van Dun, Freek B. van Loenen, Albert D.M.E.
Osterhaus, Lies Remeijer, Georges M.G.M. Verjans
Journal of Infectious Disease. Submitted

Abstract

Purpose. The incidence and clinical significance of HSV-1 acyclovir resistance (ACV®) in
patients with recurrent herpetic keratitis (rHK) was determined. Methods. Sequential
corneal isolates (n=39) from 15 immunecompetent rHK patients were assayed for ACV
susceptibility and genotyped by analyzing the hypervariable regions of the HSV-1 genes
USI, US4, US7, and US12. The thymidine kinase (TK) gene of each isolate was sequenced
and the proportion of ACV® viruses within isolates was determined. Results. Uniform
ACV® or ACV sensitive (ACV®) sequential isolates were identified in 4 and 2 patients,
respectively. Notably, ACV susceptibility of sequential isolates changed from
ACV3—>ACV® (n=5 patients) or ACVR— ACV® (n=3 patients). The ACV® phenotype of
the isolates correlated with the patients’ unresponsiveness to ACV therapy. Combined
analyses of the TK gene and genotype of sequential isolates showed that ACV® isolates
contained multiple ACV® variants of the same virus and that an identical ACV® HSV-1
strain reappeared in the patient’s cornea during rHK. Conclusions. Corneal HSV-1 isolates
are mixtures of ACV® and ACV® viruses that shared the same genotype, but have different
TK sequences. Recovery of the same ACV® virus during consecutive HK episodes suggests
that ACV® HSV-1 establishes latency and reactivates intermittently to cause rHK.
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Introduction

Herpes simplex virus type 1 (HSV-1) is a highly prevalent human pathogen infecting
60-80% of the human population worldwide [1]. The virus infects mucosal surfaces and
induces diseases including herpes labialis and herpetic keratitis (HK). HSV-1 establishes a
latent infection of neurons in sensory ganglia innervating the anatomic site of primary
infection and reactivates intermittently to cause recurrent disease [1]. Corneal morbidity is
mainly due to prolonged or recurrent HK episodes [2,3]. Recurrent herpetic keratitis (rHK)
may be caused by reactivation of the latent virus acquired during primary infection or due
to a reinfection with a different strain (HSV-1 superinfection) [4].

Therapeutic intervention of HK involves systemic or topical treatment with antivirals,
and in case of herpetic stromal keratitis (HSK) a combination of antivirals and
corticosteroids [3,5-7]. The antiviral drugs applied topically are trifluorothymidine (TFT)
and in particular acyclovir (ACV). To prevent rHK the nucleoside analogues famciclovir
and valciclovir are administered systemically [3,5,6]. The introduction of ACV in
ophthalmic practice has greatly improved the visual outcome of HK patients [5,6]. ACV is
a prodrug that is selectively converted by HSV-1 thymidine kinase (TK) to its active form,
which in turn abrogates viral replication [7]. Despite the extensive use of ACV, the
incidence of ACV® HSV-1 has not increased significantly [8-10]. The prevalence of ACV
resistant (ACV®) HSV-1 is rare in immunecompetent individuals (0.1-0.7%), but more
common in the immunecompromised (4-14%) [8-10]. The mechanism of ACV® HSV-1 is
largely attributed to mutations within the HSV-1 TK gene resulting in a deficient TK
protein or altered substrate susceptibility [11-13].

Recently, we reported on the relatively high prevalence of ACV® corneal HSV-1
isolates (6.4%) in otherwise healthy HK patients. Recovery of ACV® isolates correlated
with the patients’ unresponsiveness to ACV therapy and involved specific TK protein
polymorphisms [14]. The widespread use of ACV to treat consecutive episodes of herpetic
keratitis may induce and subsequently select for ACV® HSV-1 in rHK patients, thereby
altering the effectiveness of ACV therapy in time.

The aim of the current study was to uncover the incidence and clinical significance of
ACV® HSV-1 in rHK patients. We determined the ACV susceptibility and genetic
characteristics of sequential corneal HSV-1 isolates (n=39) recovered from 15
immunecompetent rHK patients.

Material and Methods

Patients and clinical specimens

A large databank of corneal HSV-1 isolates (>800 isolates), collected prospectively
since 1980 at the Rotterdam Eye Hospital (Rotterdam, Netherlands), was pre-screened for
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sequential corneal isolates of rHK patients of which at least 1 isolate/patient being ACVX,
and as control 2 patients with solely ACV sensitive (ACV®) sequential isolates [14] (data
not shown). Sequential isolates were always recovered from the same eye. In total 39
isolates from 15 immunecompetent rHK patients were selected (Table 1). Five of 15
patients have been described previously. The preceding and current IDs of the 5 isolates
reanalyzed are: R2—>R4A, R4—>R5A, R6—5R10A, R7->R11A, and R§—>R14A [14]. The
clinical items scored were age, gender, previous history of ocular disease, therapy regimen
and clinical picture at presentation of each recurrence and at end of follow-up. The HK
classification was defined on clinical criteria [15,16]. The study was performed according
to the tenets of the Declaration of Helsinki, approved by the local Ethical Committee and
written informed consent was obtained.

Acyclovir susceptibility assay

The susceptibility of the HSV-1 isolates to ACV (GlaxoSmithKline) was determined
by an HSV-1 specific real-time PCR (qPCR) assay as described previously [14,17]. In brief,
Vero cell monolayers cultured in 24-wells plates in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and antibiotics
(all products from Invitrogen) were inoculated with a 100-fold diluted corneal HSV-1
isolate and incubated in triplicate with different concentrations of ACV (GlaxoSmithKline)
at 37°C. At 24 hours post infection (pi), supernatant was discarded and cells were lysed.
Five microliters of the 25-fold diluted lysate was subjected to HSV-1 qPCR using the
Applied-Biosystems 7000 Sequence Detection system (Applied-Biosystems) as described
previously [14,17]. Viral load was derived from Ct values using a standard curve and
isolates were assayed >2-times. The ICsy was defined as the ACV concentration that
reduced the number of viral copies by 50% compared to the control infected cells without
ACV. Isolates were considered resistant to ACV at ICso>1 pM [14,17].

Plating efficiency assay

The percentage of ACV® HSV-1 variants within randomly chosen 7 ACV® and 5
ACV® isolates was defined by the plating efficiency assay (PEA) as described previously
[18]. In brief, isolates were titrated in five 10-fold dilutions on Vero monolayers cultured in
6-wells plates. The inoculum was removed after 1 hr and monolayers were overlaid with
DMEM supplemented with 1% FBS and 0.6% methylcellulose (Acros Organics) including
0 uM or 5 uM ACV. Upon incubation for 3 and 10 days pi, respectively, monolayers were
fixed with 4% paraformaldehyde (Sigma-Aldrich), stained with 0.2% crystal violet
(Sigma-Aldrich) and plaques were counted. Percentage of ACV® HSV-1 variants was
calculated by dividing the mean number of plaques in the 5 uM ACV wells by the mean
number of plaques in the control wells without ACV.
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DNA sequencing

DNA was isolated from all HSV-1 isolates, and ACV® plaques obtained by PEA of 7
ACV? isolates, using the MagNA Pure LC total nucleic acid isolation kit and MagNAPure
LC isolation station (Roche). Amplification and sequencing of the entire HSV-1 TK open
reading frame (ORF) was performed as described previously [14]. In brief, the TK gene
was amplified with HSV-1 TK-specific primers located at the 5’ and 3’ end of the TK ORF.
PCR products were run on 1% agarose gels, TK-specific 1,131-bp amplicons were purified
from gel and TK ORF sequenced by use of an ABIprism 3130 analyzer and BigDye
Terminator cycle sequencing kit (Applied-Biosystems) with both the external PCR primers
and 2 internal sequencing primers [14].

HSV-1 genotyping

All HSV-1 isolates, and the ACV® plaques of 7 ACV® isolates obtained by PEA, were
genotyped by two different PCR methods. The first method involved PCR-based restriction
fragment length polymorphism (RFLP) analyses of the HSV-1 US4 and US7 genes as
described previously [19,20]. In brief, isolated DNA was amplified with US4- and
US7-specific primer pairs and amplicons digested with the restriction enzymes (RE) PfIM 1
and Dde 1, and Sac I and Ple I (New England Biolabs), respectively. Amplicon digests were
run on 3% Metaphor agarose gels (BioWhittaker) along with a 50bp DNA marker
(Invitrogen). Differential RE cleavage patterns of the amplicons, based on
genotype-specific point mutations within the respective RE sites, facilitated classification
into the three HSV-1 genotypes designated previously as A, B and C [19,20].

The second PCR method is based on the stability and inter-strain variability of DNA
repeats located within the introns of the HSV-1 genes US1 and US12 [4,21]. The PCR
reaction mixtures contained 1.25 U of cloned Pfu DNA polymerase (Stratagene), the
corresponding buffer supplemented with 5% dimethylsulfoxide, each of the primers at a
concentration of 1 mM, and each deoxynucleoside triphosphate, including equimolar
amounts of dGTP and 7-deaza-29-dGTP (Boehringer-Mannheim), at a concentration of 200
mM. The forward and reverse primers of US1 and USI12  were,
5’-CCACGAAACACAGGGGACGC-3’ and 5’-GGATTCGACCTCAGACTCCA-3’, and
5’-ACGCCCCCTTTTATTGATCT-3’ and 5’-CCACGAAACACAGGGGACGC-3’,
respectively. Next, a nested PCR was performed using internal primers containing a
5’-FAM label. Nested US1- and USI2-specific forward and reverse primers were
5’-6-FAM-TCCGACGACAGAAACCCACC-3’ and
5’-GTCCCGGAGGACCACAGTGG-3’, and 5’-TGGTGTCCAGGAAGGTGTCC-3’ and
5’-6-FAM-TTTTTGCACGGGTAAGCAC-3’, respectively. The nested PCR products were
separated by capillary electrophoresis (3130XL genetic analyzer ABIprism;
Applied-Biosystems) and analyzed for their exact sizes (GeneMapper software version 3.7)
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according to the GeneScan-600 LIZ size standard (Applied-Biosystems).
Results

To gain insight into the incidence and clinical significance of ACV® HSV-1 in rHK
patients, the ACV susceptibility and genetic characteristics of 39 sequential corneal HSV-1
isolates of 15 rHK patients were determined (Table 1). Disease severity varied from mild
infectious epithelial keratitis to severe HSK. Median age was 55 years (range 42—78 years).
From each patient, two (n=8), three (n=6) and five (patient R13) sequential isolates were
obtained. Median time interval between isolates was 28 months (range 1-136 months)
(Table 1). All patients had a clinical history of HK and, expect for patient R11, received
ACYV therapy on multiple occasions before acquisition of the first isolate (i.e. isolate A).
Thirteen patients (patients R1-R5, R7-R11, and R13-R15) presented with ACV-treatment
refractory disease once or more commonly on repeated occasions (Table 1). A switch to
topical treatment with different antiviral drugs was provided to the majority of the ACV
refractory patients. At the end of follow-up (>5 years), the clinical picture of 9 patients
deteriorated (patients R1-R3, R5, R7, R10, R12, R14, and R15), remained stable in 5
patients (patients R4, R6, R8, R9, and R13), and improved in 1 patient (patient R11) (Table

).

Acyclovir susceptibility and genetic characteristics of sequential corneal HSV-1 isolates

Twenty-five of 38 (66%) isolates analyzed were classified as ACV®, which correlated
with ACV-treatment refractory disease characterized by relatively slow healing corneal
lesions (>3 weeks) or frequent recurrences (>2 events/year) (Table 1). The ACV
susceptibility profile varied between patients. Uniform ACV® or ACV® sequential isolates
were identified in patients R1, R4, RS, R9 and R11, and patients R6 and R12, respectively.
Notably, ACV susceptibility changed in time from ACVS—ACV® (patients R2, R3, R7,
R13, and R15) and ACVR—ACV? (patients R8, R10, and R14) (Table 1).

Because TK deficiency accounts for approximately 95% of ACV® HSV-1 [11-13], the
TK gene of all isolates were sequenced and aligned to HSV-1 TK sequences deposited in
Genbank (http://www.ncbi.nlm.nih.gov). The HSV-1 TK gene encodes a 376 amino acids
(aa) protein containing 5 regions conserved among herpesviridae (aa 50-66, 79-91, 162-178,
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212-226, and 281-292), an ATP- (aa 51-63) and a nucleoside-binding domain (aa 168—176)
[11-13]. TK mutations conferring ACV® are frequently found in these regions, as well as
frameshift mutations in the 7G and 6Cs homopolymer repeats located at codons 144-146
and 183-185, respectively [11-13]. The TK sequences obtained revealed numerous
nucleotide mutations, of which about half of the mutations resulted in aa substitutions of the
TK protein (Table 2). The majority of the aa alterations identified were found in both ACV®
and ACV® isolates, most likely representing natural aa polymorphisms unrelated to ACV
responsiveness [11-13]. In all ACV® isolates, several ACVS-unrelated TK aa alterations
were detected that potentially conferred their ACV® phenotype. About half of the
ACVR-associated aa polymorphisms uncovered were due to nucleotide insertions or
deletions, leading to frameshift reading that potentially results in a truncated TK protein
(Table 2) [11-14]. The remaining polymorphisms were single aa changes in the TK protein
at sites like the nucleoside- (patient R11) or ATP-binding site (patient R2), and the
C-terminal conserved region (aa 281-292; patient R1 and RS) (Table 2). Except for patients
R2 and R3, all primary isolates (isolates A) had unique TK sequences. In 9 of 15 patients,
two (patients R1, R3, R4, R6, R9, R11, R12 and R15) or four sequential isolates (patient
R13) shared the same TK sequence, which correlated with a similar ACV susceptibility
phenotype of the consecutive isolates (Table 2).

To determine whether rHK is due to reactivation of the endogenous strain or HSV-1
superinfection, sequential isolates were genotyped by RFLP analysis (genes US4 and US7)
and size fractionation of the DNA repeat containing introns of the HSV-1 genes US1 and
US12 (Table 2). The US4 and US7 genotypes of the sequential isolates were identical for
each patient, but differed between patients. Whereas the majority of the isolates had an
identical genotype at both loci, 12 of 35 (34%) isolates had different US4/US7 genotype
identities indicating that these isolates are intergenic recombinants [19,20]. In comparison,
the US1 and US12 genotyping assay was more informative, facilitating the differentiation
of all isolates. Consistent with our previous study on rHK patients, the sequential isolates
from 5 of 15 (33%) patients had different US1/US12 genotypes (patients R1, R5, R6, R13,
and R14; Table 2), suggesting corneal HSV-1 superinfection [4].

Frequency and genetic characterization of ACV® variants in corneal HSV-1 isolates

The intra-individual variation of both the ACV susceptibility and US1/US12 genotype
of sequential isolates may be due to corneal HSV-1 superinfection. Alternatively, the
isolates may consist of multiple virus strains or represent variants of the same HSV-1 strain
with dissimilar susceptibility to ACV. To address these possibilities we characterized the
ACV?isolates by PEA and compared it to paired ACV® isolate of 5 randomly chosen rHK
patients (R2, RS, R10, R13, and R14). In comparison, the sequential ACV? isolates of
patient R12 were analyzed.
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Table 2. Genotype and thymidine kinase gene polymorphisms of sequential corneal HSV-1 isolates

 (oPr Amino acid polymorphisms in _Amplicon length" Genotype  GenBank
Patient Isolate (uM) Nucleotide polymorphisms in TK" TK* US1 US12 US4 US7 accession No.*
R1 A 1.0 T16G, del107-109AAG, G122A, A266G, A412G, A528G, C6G, del36E, R41H, Q89R, 281 253+361 B B FJ655092
C575T, (C672T, T694C, G723A), GT51T, G799T, 1138V, A192V, G251C, V267L,
(A801G), C802A, C858A, T872G, (T915C, C1053T), & P268T, D28GE, L291R, &
A1126C N376H
3 1 G16T, (G102A), 107-109AAG, A122G, T259C, T575C, 526%36;2'8%‘; l}ing_sl';‘H&V192A, 2l 2l 13 13 B
(T613C, G615T, T672C, C699T, T774C), T799G, A858C, H376l\f ’ ’
G872T, T1053C, (C1068T), & C1126A
C 1.3 Identical to isolate 1B Identical to isolate 1B 281 284 B B F1655093
R2 A <0.2 T16G, G122A, A266G, A412G, A528G, C575T, (C672T, C6G, Q89R, 1138V, A192V, 341 334 C B FJ655094
T694C, G723A), G751T, G799T, (A801G), C802A, G251C, V267L, P268T, D286E,
C858A, (T915C, C1053T), & A1126C & N376H
B 19 GI66A G568 341 33 C B FJ655095
R3 A <0.2 T16G, G122A, A266G, A412G, A528G, C575T, (C672T, C6G, R41H, Q89R, 1138V, 260 207 B A FJ655096
T694C, G723A), G751T, G799T, (A801G), C802A, A192V, G251C, V267L, P268T,
C858A, (T915C, C1053T), & A1126C D286E, & N376H
B <0.2 Identical to isolate 3A Identical to isolate 3A 260 207 B A FJ655096
C 12 del460C 155Fs—182S¢ 260 207 B A FJ655097
R4 A 1.5 T16G, G122A, A266G, A412G, A528G, C575T, (C672T, C6G, R41H, Q89R, 1138V, 289 243 B C EU541361
T694C, GT23A), GT51T, G799T, (A801G), C802A, A192V, G251C, V267L, P268T,
C858A, (T915C, C1053T), A1060C, & A1126C D286E, T354P, & N376H
B 54 A733C T245P & T354P 289 243 B C FJ655098
C 10.6 Identical to isolate 4B Identical to isolate 4B 289 243 B C FJ655098
RS A 45.5 T16G, dell07-109AAG, G122A, A266G, A412G, A528G, C6G, del36E, R41H, Q89R, 348 339 B A EU541363
C575T, (C672T, T694C, G723A), GT51T, G799T, 1138V, A192V, G251C, V267L,
(A801G), C802A, C858A, (T915C, C1053T), & A1126C P268T, D286E, & N376H
B 183 T872G L291R 369+391 361 B A FI655099
R6 A 0.2 (G102A), A412G, (C513T, T694C), G719A, (A801G, & 1138V & G240E 389 357 ND ND FJ655100
A1065C)
B 0.2 (G702A) Identical to isolate 6A 411 400 ND ND  FJ655100
R7 A <0.2 (G68A), G106A, (T171C), A266G, A412G, (T694C, & E36K, Q89R, & 138V 408 372 A A FJ655101
A801G)
B ND A367C & T935C S123R & L3128 408 372 A A FJ655102
C 1.5 C367A R123S 408 372 A A FJ655103
R8 A 9.6 (G102A), A412G, ins437G, (C513T, T694C, G719A, 1138V & 146Fs—228St 326 318 B B FJ655104
AB01G, C995T, & A1065C)
B <0.2 (G102A), A412G, (C513T, T694C), G719A, (A801G), 1138V, G240E, & S332L 326 318 B B FJ655105
C995T, & (A1065C)
RO A 1.8 T16G, G122A, A266G, A382C, A412G, (A528G), C575T, C6G, R41H, Q89R, M128L 266 209 B B FJ655106
(C672T, T694C, G723A), G751T, G799T, (A801G), 1138V, A192V, G251C, V267L,
C802A, C858A, (T915C, C1053T), & A1126C P268T, D286E, & N376H
B 53 T238A M128L. & YSON 266 209 B B FJ655107
C 7.6 Identical to isolate 9B Identical to isolate 9B 266 209 ND ND  FJ655107
R10 A 6.9 (G68A), G106A, (T171C), A266G, A412G, (C513T), S23N, E36K, Q89R, 1138V, 215 211 Cc C EU541365
del578-580TCA, (T694C), G719A, (A801G), G842A, & dell1941, G240E, & R281Q
(A1065C)
B <0.2 578-580TCA 1941 215 211 c C FJ655108
RI11 A 2.6 (G68A), G106A, (T171C), A266G, A412G, (C513T), E36K, Q89R, 1138V, L178R. 215 209 Cc C EU541366
T533G, (T694C), G719A, (A801G), G842A, & (A1065C) G240E, & R281Q
B 4.5 Identical to isolate 11A Identical to isolate 11A 215 209 C C  EU541366
RIZ A <02 A412G, (T694C, & A80IG) 138V 254 242 A A FJ655109
B <0.2 Identical to isolate 12A Identical to isolate 12A 254 242 A A FJ655109
RI13 A <0.2 T16G, G122A, A266G, A412G, (C468T, C513T, T694C), C6G, R41H, Q89R, 1138V, 413 451 Cc C FJ655110
G719A, (AB01G), G842A, & (A1065C) G240E, & R281Q
B 88 dels48C 185Fs—>>376 391 451  C C  FI6551IL
C 8.9 Identical to isolate 13B Identical to isolate 13B 460 451 cC C FJ655111
D 2.9 Identical to isolate 13C Identical to isolate 13C 391 383 c C FJ655111
E 8.4 Identical to isolate 13D Identical to isolate 13D 481 451 ND ND  Fl655111
R14 A 7.6 T16G, (A24G), T125C, (T171C), A412G, ins437G, C6G, L42P, 1138V, & 280 276 B A EU541367
(C513T, T694C, G719A, A801G, & A1065C) 146Fs—228St
B <0.2 T16G, (A24G), T125C, (T171C), A412G, (C513T, C6G, L42P, 1138V, & G240E 3244346 321 B A FJ655112
T694C), G719A, (A801G, & A1065C)
RI5 A <02 A412G, (T694C, AS0IG, T915C), & G1042A 1138V & V3481 370 37 B B FI655113
B 125 ins548C 185Fs—>228St 370 367 B B FI655114
C 10.3 Identical to isolate 15B Identical to isolate 15B 370 367 B B FJ655114
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NOTE. TK, thymidine kinase; Fs, Frame shift; St, Stop; Del, indicated nucleotides deleted; and ND, not done.

a. IC50 was defined as the concentration of ACV that reduced the viral copies by 50% compared to the control infected cells in the absence
of ACV. Cut-off value for resistance >1 uM ACV.

b. TK DNA sequences of the first HSV-1 isolate (isolate A) from each patient were compared to a reference HSV-1 TK sequence (KOS
strain). The nucleotides shown for isolates B and C isolates represent nucleotide changes compared to the preceding isolates A and B,
respectively. Nucleotide substitutions, insertions and deletions resulting in a modified TK protein conferring resistance to ACV are
underlined and silent nucleotide changes are between brackets.

c. Predicted TK protein sequences of the first HSV-1 isolate (isolate A) from each patient were compared to a reference HSV-1 TK
sequence (KOS strain). The amino acids shown for isolates B and C isolates represent amino acid changes compared to the preceding
isolates A and B, respectively. Amino acid substitutions, deletions, and insertions potentially conferring resistance to ACV are
underlined. Several nucleotide changes in the TK gene resulted are frameshift mutations leading to premature stop codon (e.g.
146Fs—228St) or abrogation of the wild-type stop codon and subsequently a longer TK protein (e.g. 296Fs—>376).

d. Amplicon length is in base pairs. Occasionally, two amplicons were detected (e.g. US12 genotype of isolate A of patient R1).

e. Genbank accession numbers of the complete TK gene sequences of the indicate isolates are provided.

Table 3. Proportion of acyclovir resistant viruses in sequential corneal HSV-1 isolates

ACV No. of pfu/ml with:"
Patient Isolate 1C5, (uM)* ACY No ACV ACV"® variant frequency*

- <0.2 35X 10° 40X 10° 8.8 X 107 (8.8%)

B 1.9 6.0X 10° 14X 10* 43X 10" (43%)

R8 A 9.6 27X 107 29X 107 9.3 X 107 (93%)

B <0.2 13X 10 22X 10° 5.9X 107 (<0.1%)

R0 A 6.9 1.1X10° 12X 10° 9.2 X 107 (92%)

B <0.2 1.0X 10° 5.0X10° 2.0 X 10™(<0.1%)

1 A <0.2 53X 10' 45X 10° 1.2 X 107 (<0.1%)

B <0.2 14X 10° 6.6 X 107 2.1 X 107 (<0.1%)

R13 A <0.2 7.0X 107 1.9X 10° 3.7 X 10™(<0.1%)

B 8.8 1.0X 10° 13X 10° 7.7 X107 (77%)

” A 7.6 50X 10° 7.0X 10° 72X 107 (72%)
R

B <0.2 1.0X 10' 75X 10* 1.3 X 10™(<0.1%)

NOTE. ACV, acyclovir; No., number; and pfu, plaque forming units.

a. IC50 was defined as the concentration of ACV that reduced the viral copies by 50% compared to the control infected cells in the absence
of ACV. Cut-off value for resistance was 1 pM ACV.

b. Corneal HSV-1 isolates were cultured in medium supplemented with 0 uM ACV or 5 uM ACV for 4 and 10 days, respectively. Upon
incubation the virus titers were determined.

c. Frequency of ACV-resistant (ACVR) viruses was calculated as follows: virus titer with 5 uM ACV divide by the virus titer without
ACV. The percentages of ACVR viruses in each isolate are shown between brackets.

First, the sequential isolates were cultured in the absence or presence of ACV (5 uM)
for 3 and 10 days, respectively, to determine the proportion of ACV® variants (Table 3). The
ACV concentration and culture period was chosen to ensure that only pre-existing ACV®
variants formed plaques (data not shown). ACV® variants were not only detectable in ACV®
but also in ACV® corneal isolates, albeit at lower frequencies in ACV® isolates (Table 3).
Second, the ACV® variants were genetically characterized by determining both the TK gene
sequence and US1/US12 genotype of the plaques (16-25 plaques/isolate). Except for patient
R2, all ACV?® isolates contained several HSV-1 variants with specific TK aa mutations
potentially conferring ACV® (Table 4). Some of the TK protein alterations were identified
in multiple isolates. For example, nucleotide insertions at codons 146 and 185 leading to a
frameshift and premature stop codon at residue 228 in patients R8, R10, and R12-R14
(Table 4).
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Table 4. Characteristics of acyclovir resistant viruses in corneal HSV-1 isolates

Patient; Amino acid polymorphisms in HSV-1 TK protein Amplicon length®
isolate (number of virus plaques with indicated polymorphism)® US1 US12

R2; A G56S (22 341 334

R8; B 7TFs—54St (1), 93Fs—120St (1), M128T (1), 139Fs—182St (1), 146Fs—228St (8), 326 318
S181R (1), 185Fs—228St (1), G206W (2), R222H (2), 261St (1), 342 St (1), &
M347R (1)

R10; B 79Fs—111St (1), P82S (2), R8OW (1), G200D (1), G206W (1), R216H (1), R220H 215 211
(4), 146Fs—228St (4), & 2818t (1)

RI2; A D55G (1), 115Fs—228St (1), 146Fs—>182St (1), 146Fs—»228St (13), 185Fs—228St 254 242
(2), & R220H (1)

RI12; B 146Fs—>228St (12), A189V (9), & T287M (1) 254 242

R13; A G59R (1), E83K (1), L107P (1), 146Fs—228St (2), 185Fs—228St (1), 460 451
185Fs—>>376 (1), 342St (2), & 374Fs—>>376 (1)
R51W (1) 460 486
H58P (1), 146Fs—182St (1), & 296Fs—>376 (1) 413 427
MI1281 (1) 413 404
185Fs—>376 (1), & 310St (1) 413 486
Del36E & D286E (1) 371 362
T245M(1) NA NA

R14; B R51W (2), 146Fs—182St (1), 146Fs—228St (9), 185Fs—228St (1), T287M, 324 321

296Fs—>376 (1), & C336Y (3)

NOTE. Fs, frameshift; St, stop codon; and Del, indicated amino acid deleted.

a. The TK gene sequence of each HSV-1 plaque, obtained upon culture of the indicated acyclovir sensitive (ACVS) corneal
isolate in the presence of 5 uM ACV, was compared with published TK sequences of ACVS and acyclovir resistant (ACVR)
HSV-1 strains. Amino acid substitutions and frameshift mutations, including premature stop codon (e.g. 146Fs—228St) or
abrogation of the wild-type stop codon (i.e. 296Fs—>376), potentially conferring ACVR are shown. Plaques with a TK gene
sequence and US1/US12 genotype identical to the preceding (patients R8, R12, R14, and R10) and succeeding (patients R2,
R12 and R13) ACVR isolates are underlined (see also Table 2).

b. Amplicon length is in base pairs.

Next, the virus plaques were genotyped to determine if the ACV® variants shared the
same US1/US12 genotype. If not, this would suggest that the ACV® variants with distinct
TK sequences are different HSV-1 strains. Notably, several ACV® variants in the ACV®
isolates of 3 of 5 patients had a TK sequence and US1/US12 genotype identical to the
preceding (patient R8 and R14) and consecutive (patient R2) ACV® isolate (Table 2 and 4).
The ACV® variants recovered from ACV®isolate A of patient R13 displayed 6 different
US1/US12 genotypes. Only 1 of 19 ACV® variants shared both the same US1/US12
genotype and TK gene sequence with the consecutive ACV® isolate (i.e. isolate R13C). In
case of patient R10, neither ACV® variant recovered from ACV® isolate A had a TK
sequence identical to the succeeding isolate B (Tables 2 and 4). Finally, both ACV? isolates
of patient R12 contained a genetically identical ACV® variant, although present at

frequencies too low to confer an ACV® phenotype.
Discussion

To our knowledge, this is the first study to systematically evaluate the ACV
susceptibility and genetic characterization of sequential HSV-1 isolates in

immunecompetent patients. Three main findings are reported. First, corneal HSV-1 isolates
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are heterogeneous mixtures of ACV® and ACV® viruses, in which the proportion of ACV®
variants determines both the isolate’s ACV® phenotype and ACV-treatment refractory
disease of the patient sampled. Second, corneal ACV® HSV-1 isolates contain multiple
ACV® variants that express the same patient-specific US1/US12 genotype, but have
different TK sequences. Third, genetically identical ACV® HSV-1 strains were recovered
from consecutive corneal lesions of the same patient.

Twenty-five of 38 (66%) corneal isolates analyzed were ACV®. Consistent with
previous reports, all isolates contained ACV® variants, albeit at low frequencies in the
ACV? isolates (1.6 = 1.7 X 10™), and isolates were defined as ACV® when >20% of
infectious HSV-1 present were ACV® [13,18,22]. Consistent with our previous ACV study,
the ACV susceptibility phenotype correlated with the clinical response to ACV treatment
[14]. Notably, 22 of 26 (85%) ACV" isolates were obtained at time of ACV treatment, or
closely related TK-dependent antivirals like valacyclovir and famcyclovir, whereas 8 of 13
(62%) ACV® isolates were obtained from ACV non-treated patients (Table 1). The
association between ACV treatment and recovery of ACV® isolates (p=0.008; Fisher’s exact
test) suggests selective pressure of ACV to the enrichment of corneal ACV® HSV-1. This
phenomenon is relatively more common among immunocompromised non-HK patients and
neonates during prolonged ACV treatment, which underscores the pivotal role of local
immune responses to clear the virus from infected tissues [23-26].

The cornea is an immuneprivileged site. It lacks lymphatic drainage and corneal
resident cells inhibit local inflammatory responses to preserve the integrity of the cornea
[3,27]. Thus, the cornea may provide the optimal environment for the ACV-driven
enrichment of ACV® HSV-1 and subsequent refractory disease in ACV-treated HK patients.
Selection of ACVRHSV-1 variants can occurs within a few days after start of ACV therapy
[10,26]. A switch to different antivirals like TFT and foscarnet was beneficial to control the
HK episode in several ACV refractory patients. Nonetheless, disease deteriorated in about
two-third of the patients. The differential clinical outcome did not correlate with the ACV
susceptibility phenotype of the patients’ isolates, suggesting that recovery of ACV® HSV-1
does not predispose to disease deterioration in rHK patients. However, the majority of the
patients had HSK at inclusion of the study. HSK is an HSV-1-induced T-cell-mediated
chronic inflammatory disease disrupting the corneal stromal layer [3,27]. Although the
prolonged retention of ACV® virus in ACV-treated rHK patients may have played an
additional role, the local inflammatory response initiated during each recurrence was most
likely central to the deterioration of disease in the patients studied [3].

Acyclovir resistance is commonly conferred by mutations in the HSV-1 TK gene, and
incidentally the viral DNA polymerase gene [11-13]. To determine the genetic determinants
of ACV susceptibility, the entire TK ORF of 13 ACV® and 154 ACV® corneal HSV-1 were
sequenced. Alignment of the ACV® and ACV® TK sequences revealed extensive
polymorphisms. In addition to presumed natural polymorphisms, shared by ACV® and
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ACV® isolates [11-13], numerous TK mutations were selectively detected in ACV® HSV-1.
About two-third of the ACV®-associated mutations were located in the conserved and
functional regions of the TK protein (Fig. 1). Twenty-nine of 48 (60%) ACV"-related
mutations found have not been described previously and need to be validated for their role
in ACV® by confirmatory testing using site-directed mutagenesis (Table 5).

Percentages HSV-1 TK amino acid mutations

in clinical HSV-1 isolates
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The sequential HSV-1 isolates expressed 4 different ACV susceptibility profiles.
Patients had either uniform ACV® or ACV® sequential isolates, or the ACV susceptibility
phenotype changed in time from ACV*—ACV® and ACVR—ACV®. Combined analyses of
the viral TK sequence and genotype provided detailed information on the composition of
the corneal isolates. Sequential isolates of two-third of the rHK patients had identical
US1/US12 genotypes, indicating possible reactivation of the latent virus. The overall TK
sequence homology between sequential isolates with a similar ACV susceptibility
phenotype supports this notion (patients R3, R4, R9, R11, R12, and R15). In contrast,
within the same group of patients, TK sequences of sequential isolates with a disparate
ACYV susceptibility phenotype were different (patients R2, R3, R7, R8, R10, R12, and R15)
(Table 2). This, combined with the presence of multiple TK mutants sharing the same
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US1/US12 genotype in ACV® isolates, indicates that corneas of rHK patients are infected
with different ACV® variants of the same HSV-1 strain during consecutive HK episodes
(Tables 2 and 4).

ACV® HSV-1 variants may represent transient viruses that emerge spontaneously
during corneal infection or signify viruses that reactivated from the innervating sensory
ganglion [11-13]. Studies in mice have demonstrated that the pathogenesis of HSV-1
depends in part on the ACV® phenotype of the virus. Whereas TK is dispensable for HSV-1
replication in dividing cells, TK activity is essential for the virus to replicate in resting cells
like neurons and to reactivate from latency in mice [28-30]. These features are thought to
contribute to the low prevalence of ACV® HSV in the human population compared to other
drug-treated viral infections. Indeed, the majority of the studies on recurrent HSV
infections report on transient ACV® viruses [11-13]. Hitherto, only a few studies, mainly
case reports on immunocompromised patients, have described recovery of genetically
identical ACV® HSV strain from recurrent skin lesions [31-35]. Recently, the Straus’ lab
has shown that sensory ganglia of a severely immunocompromised patient were infected
with multiple ACV® TK variants in addition to wildtype HSV-1, implicating that ACV®
HSV-1 do establish latency [36]. The current study extends the observations in the
aforementioned studies to immunecompetent patients. Genetically identical ACV® viruses
were re-isolated from the same cornea of several rHK patients and ACV® variants were
identified in ACVS® isolates that caused ACV refractory disease during a preceding or
consecutive recurrence. Furthermore, identical ACV® variants were identified at low
frequencies in ACV® sequential isolates of patient R12 responsive to ACV treatment. Thus,
ACV® HSV-1 viruses establish latency and may reactivate several months to years later to
cause recurrent corneal lesions.

In conclusion, the data presented demonstrate that clinical resistance to ACV therapy
is determined by the percentage of ACV® HSV-1 variants in corneal HSV-1 isolates. ACV
treatment appears to contribute to the enrichment and persistence of ACV® HSV-1 in
corneal lesions of immunecompetent rHK patients. The recovery of a genetically identical
ACV® virus during consecutive HK episodes warrants prompt ACV susceptibility analyses
of corneal isolates recovered from patients with a history of ACV refractory HK. In case of
ACV®, switching treatment to other antivirals, preferably TK-independent drugs like
foscarnet, and tapering steroid treatment is recommended to avert corneal morbidity due to
rHK.
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Table 5.

HSV-1 isolates and plaques

Potential acyclovir resistance-associated HSV-1 TK protein polymorphisms detected in acyclovir resistant corneal

ACV®? ACV® plaques TK seq. Conserved TK amino acid Published Genbank accession
isolate® o)* (N)° region TK® polymorphism [references]® No.¢
RSB (1) 1 TFs—54St No FI655115
R5A,RIA RI13A (1) 3 del36E Yes [1] FJ655155
R13A (1), R14B (2) 3 R51W Yes [2] FJ655151, FI655157
RI12A (1) 1 CRI1 (aa 51-63) D55G No FJ655135
R2B R2A (22) 23 and ATP-BS G568 No FJ655095
1 (aa 50-66) H58P No FJ655152
R13A (1) 1 G59R No FJ655143
RI10B (1) 1 79Fs—111St No FI655126
RI9B, ROC 2 Y8ON No
RI10B (2) 2 P82S No FJ655128
RI3A (1) 1 CR2 (aa 79-91) ES3K Yes [2] FJ655144
RIB, 1C 2 Y87H No
RI10B (1) 1 R8OW Yes [2] FI655129
RSB (1) 1 93Fs—120St No FJ655116
RI3A (1) 1 L107P No Fl655145
RI2A (1) 1 115Fs—228St No FJ655136
R7C 1 R123S No
RI13A (1) 1 M1281 No FJ655156
R9A, RIB, 3 M128L No
ROC
RSB (1) 1 MI128T No FI655117
R8B (1) 1 139Fs—182St No FJ655125
RI2A (1), RI3A 3 146Fs—182St Yes [3] FI655138, FI655153,
(1), R14B (1) 7G homopolymer FJ655158
R8A, R8B (8), R10B (4), 38 repeats 146Fs—228St Yes [3] FJ655104, FJ655127,
RI4A RI2A (13), RI3A (aa 144-146) FI655137, FJ655146,
(2). R14B (9) FI655112
R3C 1 155Fs— 1825t Yes [3]
RI11A 1 CR3 (aa 162-178) L178R Yes [1]
and NBR
(aa 168-176)
R8B (1) 1 SI8IR Yes [1] FJ655123
RI3B, RI3A (2) 6 185Fs—>376 No
R13C, 6C homopolymer
R13D, repeats LACEBLLE
RI3E (aa 183-185)
RI15B, RSB (1), RI12A (2), 7 185Fs—2285t Yes [4] FI655124, FI655139,
RI15C RI13A (1),R14B (1) FJ655147, FI655159
RI3B (9) 9 A189V Yes [4] FI655141
RI10A 1 del1941 Yes [1]
R10B (1) 1 G200D No FJ655130
RSB (2), R10B (1) 3 G206W No FI655118, FI655131
RI0B (1) 1 R216H Yes [5] FI655132
R10B (4), R12A (1) 5 CR4 (aa 212-226) R220H No FJ655133, FJ655140
R8B (2) 2 R222H Yes [2] FI655119
R4B, R4C 2 T245P No
R8B (1) 1 261St No FJ655120
R10B (1) 1 281St Yes [2] FJ655134
RI13A (1) 1 D286E No FJ655155
RI2B (1), R14B (1) 2 CRS (aa 281-292) T287M Yes [3] FI655142, FJ655160
R1B,RIC 2 L291R No
R13A (1), R14B (1) 2 296Fs—>376 Yes [4] FJ655150, FJ655161
RI3A (1) 1 3108t No FI655154
R14B (3) 3 C336Y Yes [2] FJ655162
R8B (1), R13A (2) 3 3428t Yes [2] FJ655121, FJ655148
R4B, R4C 2 T354P No
R8B (1) 1 M347R No FJ655122
R4A 1 T354P No
RI3A (1) 1 374Fs—>376 No FJ655149
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NOTE. ACV, acyclovir; TK, thymidine kinase; CR, conserved region; ATP-BS, ATP-binding region; NBR, nucleotide- binding
region; aa, amino acid; Fs, frameshift; St, stop codon; and Del, indicated amino acid deleted.

a.

Recovery of the respective TK variant in the indicated corneal ACVR HSV-1 isolates and plaques obtained upon
culture of the indicated acyclovir sensitive (ACV®) corneal isolate in the presence of 5 uM ACV. (N), indicates the
number ACV® plaques expressing the respective TK mutation.

Number of corneal ACV® HSV-1 isolates and plaques expressing the respective TK mutation.

Localization of the conserved and functional domains of the HSV-1 TK protein.

TK mutations were compared to published TK sequences. References of studies describing an identical TK mutant
are shown between brackets.

Genbank accession numbers of the respective HSV-1 TK mutants are indicated
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Summarizing Discussion

Among the eight human herpesviruses known today, herpes simplex virus type 1
(HSV-1) is the most frequent cause of primary and recurrent eye disease. Despite the
availability of effective antiviral and immune-suppressive drugs, recurrent cornea infections
with HSV-1 continue to be the leading cause of corneal morbidity in the industrialized
world. The clinical presentation of HSV-1-induced keratitis, also referred to as herpetic
keratitis (HK), varies from superficial self-limiting epithelial lesions to a potential
sight-threatening chronic inflammation of corneal stroma known as herpetic stromal
keratitis (HSK). HK is a complex disease that involves the interaction between the initiating
virus and the immune system of the host [1]. The availability of experimental animal
models, including HSV-1 infection of mice and rabbits, has provided invaluable insights
into virus- and host-mediated mechanisms involved in the pathology of corneal HSV-1
infections. In contrast, limited data are available on the pathogenesis of HK in humans. The
evolutionary co-existence of HSV-1 and man has inevitably resulted in the mutual
adaptation of the virus and its natural host. Consequently, studies on the virus-host
interactions involved in human HK are pivotal to the development of new diagnostic tools
and therapeutic intervention strategies aiming to prevent the deleterious effect of corneal
HSV-1 infections in humans. In the present thesis, we aimed to decipher the role of the
intra-corneal host immune response and genetic characteristics of the triggering virus
involved in pathology of human HK.

Interaction between corneal resident cells and neutrophils: a role of GM-CSF

In general the clinical effects of corneal HSV-1 infections can be divided into two
entities: acute and chronic HK. While the acute phase is transient in the majority of the
infected individuals, some patients will develop a chronic inflammatory response in the
stroma of the infected cornea leading to irreversible corneal damage [2]. Consequently,
therapeutic intervention of HK should be focused on blocking the transition from the acute
to the chronic corneal disease.

The development and maintenance of a chronic inflammatory response involves a
disrupted balance between inflammatory cell recruitment, retention and proliferation on the
one hand and cell death and efflux on the other hand. Several cell types have been shown to
be pivotal in the pathogenesis of HSK. Dendritic cells initiate the disease by presenting
viral antigens to T-cells in the draining lymph node. In response, T-cells enter the infected
cornea, recognize virus infected cells and secrete a variety of cytokines, leading to
perpetuation of the local inflammatory response [3-7]. Neutrophils have a dual role. During
the initiation phase cornea infiltrating neutrophils clear the virus and undergo apoptosis.
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The second wave of neutrophils, entering the cornea just before the clinical phase of HSK,
represents the major cell type actively involved in corneal pathology [8]. However, the role
of cornea resident cells, including fibroblasts and epithelial cells, have largely been
neglected in studies on the immunopathogenesis of HSK.

Previous work from our group has demonstrated the presence of the T-cell cytokine
IL-17 in human HSK corneas. IL-17 was found in HSK corneas but not in control corneas
and the IL-17 receptor proved to be constitutively expressed on human corneal fibroblasts
(HCF). It was shown that IL-17 stimulation increased the TNF-a and IL-1 induced
secretion of various neutrophil and T-cell chemotactic cytokines and chemokines,
suggesting the additional role of HCF in the immunopathology of HSK [9]. In Chapter 2,
we have continued to explore the possible keratogenic role of HCF and human corneal
epithelial cells (HCE). Our results indicate that IL-17 selectively enhances TNFa- and
IL-1B-induced granulocyte macrophage colony-stimulating factor (GM-CSF) secretion by
both corneal cell types. GM-CSF activates human neutrophils and delays their apoptosis.
Moreover, GM-CSF stimulated neutrophils kill HSV-1-infected HCF in the presence of
immune serum and secrete the neutrophil chemo-attractant IL-8. These data are consistent
with other studies suggesting a role of IL-17 in chronic neutrophil-mediated
immunopathological diseases , like rheumatoid arthritis and asthma [10-15]. Since IL-23 is
documented as an essential factor to promote the expansion and survival of pathogenic
IL-17 producing T-cells (Th17 cells) [16-18], IL-17 and IL-23 knock-out mice have been
used to study the role of the respective cytokines in the immunopathogenesis of HSK [19,
20]. Unexpectedly, the absence of IL-17 signaling resulted in a transient decrease of
pro-inflammatory mediators, neutrophil migration, and cornea pathology. Mice lacking
IL-23 showed enhanced cornea lesions. These observations demonstrate the intriguing roles
of the IL-17/IL-23 pathway in the development of HSK. Due to the differences between
species and the different route of ocular HSV-1 infection between mice and humans,
additional studies are needed to address the role of both cytokines in the
immune-pathogenesis of human HSK.

HSK patients benefit from topical treatment with corticosteroids, as is currently
standard in clinical practice. However, topical administration of corticosteroids onto the
corneal surface may enhance viral replication when not covered by appropriate antiviral
treatment. Furthermore it induces thinning of the epithelial layer and subsequently increases
the risk to opportunistic bacterial infections, and may cause secondary glaucoma and
cataract [21]. Therefore, approaches designed to modify cytokine and chemokine
expression within the microenvironment of HSV-1 infected corneas may be of therapeutic
value in HSK patients. GM-CSF is a major regulatory cytokine that orchestrates the
effector function of both mature macrophages and neutrophils. As shown in Chapter 2 and
in previous studies, GM-CSF delays the apoptosis and promotes activation of neutrophils
by inducing the release of proteolytic enzymes and free oxygen radicals [22]. Therefore,
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GM-CSF is a potential therapeutic target for HSK. Two strategies may be employed to
neutralize GM-CSF in corneas. The first strategy involves RNA interference (RNA1i), which
has been described as a highly conserved mechanism of sequence-specific
post-transcriptional gene silencing. It has been applied to neutralize the GM-CSF receptor
in a mouse model [23]. The second option is to neutralize the GM-CSF protein itself using
monoclonal antibodies (mAbs). Plater-Zyberk et al have successfully used an
anti-GM-CSF mAb to reduce the severity of experimentally induced arthritis in mice [24].
Because the function of the first neutrophil wave in HSK is virus elimination, the major
objective of GM-CSF neutralization will be to reduce the anti-apoptotic and activating
effects of GM-CSF on the second wave of cornea-infiltrating neutrophils, thereby
preventing the transition of the acute to chronic phase of HSK.

HSV-1 US4 and US7 genotypes in human herpetic keratitis

Besides the intra-corneal immune response, the genetic make-up of both the triggering
virus and host are considered as important factors that determine the outcome of HK [1].
The susceptibility to HSV-1 corneal infections differs between inbred mouse strains [25,
26], and several genes have been shown to predispose to severe HSV-1 induced disease in
humans [27-32]. In contrast, there are only few studies addressing the role of the viral
genotype in HSV-1 diseases. Studies in mice have shown that cornea infection with
different HSV-1 isolates results in disparate disease severities[26, 33, 34]. Recently,
Norberg and colleagues have described that clinical HSV-1 isolates can be divided into
three distinct genotypes, arbitrarily designed as genotype A, B and C. DNA sequences of
three genes, US4, US7 and USS, located in unique short (US) region, were used to define
the viral genotypes. These genes encode the viral glycoproteins G (gG), gl, and gE,
respectively [35]. Since gE and gl proteins are involved in cell-to-cell spread of the virus
and the binding of IgG to the Fc receptor, and because gG is essential for virus entry
through the apical surface of polarized cells [36], we explored the prevalence and disease
contribution of the gG (US4) and gl (US7) genotypes in HK patients (Chapter 3).

The prevalence of the three HSV-1 genotypes was determined in a large cohort of HK
patients. The genotypes of 178 corneal HSV-1 isolates were defined by a validated
PCR-RFLP method. Among the 3 genotypes, genotype B was more frequent than A and C
(Chapter 3). This genotype frequency in HK patients was similar to data presented in an
analogous study on 28 Swedish clinical isolates obtained from patients with various
diseases including genital and oral HSV-1 infections [37]. Overall, the data indicate that
US4 and US7 HSV-1 genotypes do not predispose to HK. The majority of the 178 HSV-1
corneal isolates displayed the same genotype of the US4 and US7 genes. However, about
one-third (34%) of the isolates showed differences in US4 and US7 genotypes, indicating
that these cornea isolates represent intergenic recombinants. Genotype A and B
recombinants predominated, whereas genotype A and C intergenic recombinants were
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rarely observed. These differences may in part be due to the genetic distance between
genotype A and B compared to C. The overall mutation rate of HSV-1 have been estimated
to be 3.5x10™® mutations/site/year [38]. Consequently, HSV-1 superinfection is most likely
central to the development of intergenic HSV-1 recombinants [39, 40]. Indeed, it has been
demonstrated that recombination of two different HSV-1 strains infecting the same
anatomical site, can give rise to new and even more virulent strains [41]. These data support
the concept that genotypes A and B may have been introduced earlier than genotype C,
enabling genotypes A and B to recombine over a longer time frame.

Because mouse studies have demonstrated HSV-1 strain-dependent differential HK
pathology, we intended to identify associations between the identified viral genotypes and
the patients’ clinical parameters. Several clinical parameters appeared to be significantly
associated with a specific viral genotype. However, these associations were all controversial
(e.g. HK in the right eye was associated with genotype C). Since this was an explorative
study, no correction for multiple testing was applied. Therefore, the significant associations
could easily have arisen by chance. Based on the data presented in Chapter 3, we cannot
draw the conclusion that a distinct US4 or US7 genotype predisposes to the clinical
outcome of HK.

Previous studies in mice suggest that specific polymorphisms within the HSV-1 genes
UL9, UL33, UL36, UL41, UL42 and US1 may affect virulence and pathology in the cornea.
The aforementioned polymorphisms are potential candidates to be analyzed in a large
cohort of human cornea HSV-1 isolates. Alternatively, genomes of a large selection of
cornea HSV-1 strains recovered from patients with differential disease outcome could be
sequenced to identify individual genes or “constellations” of genes predisposing to the
severity of disease [1].

Human alpha-herpesviruses in post-PKP corneal tissues

Herpetic stromal keratitis is a sight-threatening disease. Five to 10% of corneal
transplantations, also referred to as penetrating keratoplasty (PKP) are performed on HSK
patients to restore sight [42-45]. Graft failure occurs more frequently in HK patients,
compared to those without a history of HK (non-HK patients). The frequency of post-PKP
infectious keratitis in HK patient varies from 1.8-7.4% [46-49]. The development of
post-PKP HK could be due to the reactivation of the endogenous latent virus strain or
graft-to-host transmission. Since the visual prognosis of patients with post-PKP HK is poor,
the identification of PKP patients at risk is of major importance.

In Chapter 4, a retrospective cross-sectional study was performed on corneal buttons
obtained after PKP of 83 HK patients and 367 non-HK patients. In addition, cornea-scleral
rims of 273 transplanted cornea donors and 84 clear eye bank corneas were analyzed. The
prevalence of o-HHVs in human cornea tissues was determined by qualitative or real-time
PCR (qPCR). In accordance with previous studies, we demonstrated that HSV-1 was the
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most prevalent a-HHV detected in cornea tissues and was more frequently identified in
corneas of HK patients. The low prevalence of HSV-2 and VZV is most likely due to the
difference in anatomical location of latent HSV-2 compared to HSV-1, and the low
frequency of HSV-2 and VZV reactivation compared to HSV-1 in immunocompetent
individuals, respectively [36].

Forty-eight percent of the corneas from HK patients and 4% of the corneas from
non-HK patients were HSV-1 DNA positive. The detection of a-HHV positive corneas
from non-HK patients is puzzling. This may be due to cross-contamination, or less likely
misdiagnosis of the corneal disease. Asymptomatic virus shedding could be an alternative
explanation. It has been demonstrated that one-third of the healthy adults asymptomatically
shed virus in their tears at least once in 30 days [50]. Compared with HK corneas, the
HSV-1 DNA load in non-HK corneas is 2 10-log lower. This suggests that the presence of
o-HHV in non-HK corneas is most likely irrelevant to the disease and represents
asymptomatic shedding of reactivated virus in the respective patients [51, 52].

Previous studies have advocated that, in addition to the innervating sensory ganglion,
HSV-1 establishes latency in the cornea [53-55]. HSV-1 DNA has been detected in healed
corneas of HK patients [56-58]. Alternatively, the viral DNA detected may simply represent
viral remnants that have been incompletely cleared by the local immune response. In our
study, several corneas of HK and non-HK patients, who did not show signs of active
disease at time of surgery, were investigated for relevant HSV-1 transcripts. During a lytic
infection HSV-1 genes are expressed in a temporal cascade. One immediate early gene (o)
ICP127, two late (y) genes gG and gC, and the latency associated transcript (LAT) gene
were selected in the study [36]. Since LAT is transcribed both during lytic infection and
latency, expression of ICP127, gG and gC would indicate whether the virus is lytic or latent
[54]. The data obtained demonstrate that all four HSV-1 genes are transcribed, implicating a
lytic HSV-1 infection in the corneas analyzed. Furthermore, the cornea HSV-1 DNA load
decreased gradually with increasing recurrence free interval, and high viral loads correlated
with fulminant disease and pre-operative steroid treatment. Thus, HSV-1 DNA persists in
human corneas for extensive periods of time, and the data do not support the hypothesis
that HSV-1 establishes true latency in corneal tissues.

Statistical analyses showed that neo-vascularization was inversely correlated with
corneal HSV-1 DNA load. In active HK lesions, corneas are densely infiltrated with
lymphocytes [59]. Deep neo-vascularization will facilitate the egress of inflammatory cells
into the affected tissue [8, 60]. These studies along with our data provide evidence that
local inflammatory responses are involved in clearing the virus from HSV-1 infected cornea
tissues. Another interesting finding is that the intra-corneal HSV-1 DNA load correlated
with the patients’ age in both HK and non-HK groups. It has been reported that the
incidence of HK and the associated morbidity is more common in the elderly [61, 62].
Similar observations have been described in mouse studies, in which adult mice are more
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susceptible to severe HSV-1 induced cornea inflammation compared to young mice [63].
Aging is associated with a declining function in various organs and physiological systems,
including the immune system. The age-related changes of the immune system may
contribute to an increased susceptibility to infectious diseases in the elderly[64]. Thus, the
correlation between the patient’s age and the intra-corneal HSV-1 DNA load is most likely
due to the age-related decline in immune control of latent HSV-1.

There are several risk factors that will influence the cornea graft survival. Corneal
neo-vascularization, and a history of graft rejection or HK are known high risk factors for
graft failure [44, 59, 65]. An additional risk identified in our study is the presence and
particularly the HSV-1 DNA load in excised corneas of HK patients. This parameter
correlated with graft survival independently from the aforementioned risk factors.
Implementation of HSV-1 qPCR on excised corneas of transplanted HK patients are
recommended to identify those patients at risk to develop graft rejection.

Transplantation of donor tissues poses the risk to transmit infectious diseases. The
anecdotal detection of HSV-1 in donor corneas and the documented graft-to-host
transmission of HSV-1 after PKP, argues to determine the prevalence and clinical relevance
of o-HHV DNA in a large cohort of donor cornea tissues [44, 59, 65]. In Chapter 4 this
issue was addressed by aHHV PCR analyses of 273 corneal-scleral rims and 84 clear eye
bank corneas. aHHV DNA could only be detected in the corneascleral rims: 2 out of 273
corneal-scleral rims contained HSV-1 DNA. The HSV-1 DNA load was very low and
neither PKP patient who received the central part of these donor corneas developed
post-PKP HK. Thus, a-HHV gPCR analyses on donor cornea tissues do not seem to have
diagnostic value to predict post-PKP HK and newly acquired HK in PKP patients.

Acyclovir resistant HSV-1 in herpetic keratitis patients

In acute ocular infections like herpes epithelial keratitis (HEK), application of
antiviral drugs accelerates the elimination of replicating virus from the cornea epithelium
[66]. In case of HSK, a balanced combination treatment with steroids and antivirals is
essential [21]. Among the currently available antiviral drugs, acyclovir (ACV) therapy is
the gold standard to treat HK patients, largely because of its high specificity for HSV-1 and
limited corneal toxicity [67]. ACV is a pro-drug, converted by the viral protein thymidine
kinase (TK) into its active component. Resistance to ACV is largely attributed to mutations
in the TK gene that alter or block TK activity [68]. Early upon the introduction of ACV in
the early 80s of the last century, ACV resistant (ACV®) HSV-1 have been detected in
clinical isolates. Several studies performed on the ACV® surveillance showed that the
prevalence of ACV® HSV-1 ranges from 0.1-0.6% in immune-competent patients, to
4.3-14% among immunocompromised individuals with HSV-1 disease [69-71]. Hitherto,
the prevalence and clinical relevance of corneal ACV® HSV-1 in HK patients has not been
studied in detail.
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In Chapter 5, the prevalence and molecular characteristics of corneal ACV-resistant
HSV-1 isolates was determined in 173 of immunecompetent HK patients. While, the HK
corneal morbidity is largely due to the recurrent HSV-1 infections, about 20-61% of the
patients with recurrent herpetic keratitis (tHK) eventually develop HSK [80]. This evidence
conduct us to extend our research to uncover the incidence and clinical significance of
ACV® HSV-1 in tHK patients.

In Chapter 6, the ACV susceptibility and genetic characteristics of 38 sequential
corneal HSV-1 isolates from 15 immunecompetent rHK patients were determined. We
analyzed the ACV sensitivity of 173 corneal HSV-1 isolates. Eleven of 173 (6.4%) HSV-1
isolates were characterized as ACV®, and all patients included in this study were
immuno-competent. The data demonstrate an unprecedented high prevalence of ACV® in
otherwise healthy patients. This could be due to the unique properties of the cornea, being
an immune-privileged site, contribute to this relatively high prevalence of ACV® HSV-1.
The cornea lacks blood and lymphatic vessels and corneal resident cells effectively inhibit
local inflammatory responses to preserve the corneal integrity. These factors may enable the
enrichment of ACV® HSV-1 strains in corneas under long term ACV pressure [72].

Recent surveys have shown that the prevalence of ACV resistance has remained the
same during the last 2 decades, even though the use of ACV has increased extensively
[73-75]. However, the results from our studies showed an opposite situation at least in the
ACV treatment of corneal HSV-1 infections. At the Rotterdam Eye Hospital, where all HK
patients were recruited, prophylactic ACV treatment has greatly increased after 1994.
Interestingly, all corneal ACV® HSV-1 isolates identified in this study were from patients
who presented after 1994. Moreover, in the sequential HSV-1 isolates of rHK patients, ACV
susceptibility patterns correlated with ACV treatment. Twenty-five of the 38 (66%)
sequential corneal isolates were defined as ACV®. Among 25 ACV® HSV-1 corneal isolates,
22 isolates (88%) were obtained at time of ACV treatment, and 8 (62%) of 13 ACV®
isolates were recovered from treatment naive patients. This suggests that the increased ACV
prescriptions for HK contributed to the emergence of resistant corneal HSV-1 strains,
thereby alerting the effectiveness of ACV therapy in time.

In the study described in Chapter 5, several mutations in the HSV-1 TK gene were
detected in both the ACV® and ACV® isolates. These TK mutations represent natural TK
polymorphisms that do not alter TK activity. Additionally, TK mutations were identified
solely in ACV® isolates, which potentially confer the ACV® phenotype of the respective
isolates. One particular TK mutation, an arginine to leucine substitution at residue 178, is of
particular interest because of its location within the nucleoside-binding site of TK and had
been found twice in the corneal ACV® isolates analyzed [76, 77]. An insertion in the
G-repeat region at nucleotide position 430 was found in two ACV®isolates, resulting in a
TK protein truncation. Although the molecular and in vitro sensitivity data suggests that
these newly identified TK mutations described in Chapter 5 are significant, their roles in
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ACYV resistance still need to be confirmed by functional studies such as site-directed
mutagenesis.

Ganciclovir (GCV) is an alternative drug that can be applied in the treatment of HK.
Like ACV, GCV depends on TK activity to be converted into its active compound [78].
Notably, 5 of 11 corneal ACV® HSV-1 isolates showed cross-resistance to GCV. The TK
mutations identified included the above-described frame-shift, two amino acid deletions
and one amino acid substitution. Compared with the ACV®/GCV? isolates, these mutations
may induce more severe functional loss of TK activity. Foscarnet (FOS) is a third antiviral
treatment with a different mechanism of action. FOS is a pyrophosphate analogue that
inhibits the viral DNA polymerase directly and is TK-independent. However, due to its
nephrotoxicity, FOS administration requires slow intravenous infusion, extensive
prehydration and careful dose adjustment [79]. Therefore, FOS is only prescribed to
patients who are not responding to ACV and GCV treatment. One of the 11 ACV® corneal
isolates showed cross-resistance to both GCV and FOS. No obvious mutations were found
in the TK gene of this isolate, suggesting that mutations in the DNA polymerase gene are
involved [76, 77]. In this particular patient, a switch to a more toxic antiviral therapy such
as cidofovir would have been more appropriate to preserve the cornea.

Since HSV-1 is capable of establishing latency in the peripheral nervous system[86],
rHK may be caused by reactivation of the endogenous virus or by reinfection with an
exogenous virus, known as HSV-1 super-infection [87]. In the study presented in Chapter 6,
the genotypes of 5 of 15 and 10 of 15 sequential isolates were different or identical to the
successive isolates from the same patient, respectively. Whereas the first group represents
corneal HSV-1 superinfection, the genotype data of the latter group of rHK indicate that the
same virus had reactivated to cause recurrent disease.

It has been demonstrated that clinical HSV-1 isolates are a mixture of viruses, which
contain both ACV® and ACV® viruses [81-83]. These different virus populations are TK
variants of the same strain or represent a collection of different strains with disparate ACV
susceptibility phenotypes [38]. In Chapter 6, the ACV® mutation frequencies were tested in
14 isolates recovered from 7 patients. The ACV® variant frequencies of ACV® and ACV®
isolates ranged from 1.2x107 to 8.8x107, and 4.3x10™" to 9.3x10™", respectively. Consistent
with previous reports, corneal HSV-1 isolates were characterized ACV® when the
population of ACV® variants was higher than 20% [84, 85]. The combined analyses of the
TK sequence and US1/US12 genotype of ACV® variants in ACV® isolates showed that the
majority of the ACV® variants are TK mutants of the same HSV-1 strain.

Several studies have demonstrated that TK is not essential for HSV-1 replication [88],
but is possibly involved in HSV-1 pathogenicity and reactivation in mice [89, 90]. Since the
majority of the ACV® mutations are located within the HSV-1 TK gene, it is considered that
ACV® strains are deficient to establish latency in humans. However, in 7 of the 10 rHK
patients studied, a genetically identical ACV® HSV-1 strain reappeared during a
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consecutive recurrence. This indicates that ACV® HSV-1 does establish latency in
immune-competent individuals and reactivates intermittently to cause recurrent disease,
which in our cohort was associated with ACV-treatment refractory disease.

The medical records of the HK patients with ACV® corneal HSV-1 isolates in Chapter
5, were reviewed for evidence of clinical resistance. Nine out of 11 patients were clinically
resistant to ACV therapy, and 7 of the 9 had switched to other antiviral therapies during the
course of treatment. Although all patients initially responded to the antiviral therapies at the
beginning, 7 of these 11 patients eventually developed corneal blindness. Furthermore, the
clinical outcome of the 15 rHK patients did not correlate with the recovery of ACV® HSV-1
in the study presented in Chapter 6 . These could be due to the fact that the majority of the
patients had already developed HSK at inclusion of the studies. So the local T-cell mediated
responses have been more detrimental to cornea than the prolonged persistence of ACV®
HSV-1 during ACV therapy [59].

Notably, recovery of ACV® HSV-1 isolates correlated with ACV-treatment refractory
disease of the respective HK patient. This observation argues in favor of the
implementation of diagnostic ACV susceptibility assays on corneal HSV-1 isolates of HK
patients who are refractory to ACV therapy or rHK patients with a history of ACV
refractory HK. Prompt identification of ACV® HSV-1 in HK patients will save therapy time
and may prevent the development of more severe disease in the end. In addition, the second
and third classes of anti-HSV drugs, like FOS and cidofovir, are of limited use due to
severe side effects including corneal toxicity [79]. Thus, there is an unmet need for the
discovery of new antivirals to treat HK patients non-responsive to ACV and GCV therapy.
If newly developed drugs with working mechanisms different from nucleoside antiviral
drugs and low toxicityl, a combination of the new drug and ACV could be prescribed to HK
patients at start of the disease. This would lead to a more efficient way of treating HK
patients.
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Conclusions

The work presented in this thesis addresses novel aspects of the pathogenesis of
HSV-1 infections of the cornea as well as novel therapeutic and prognostic modalities for
HK patients.

First, it was shown that corneal resident cell play important roles in modulating the
host immune responses by secreting various pro-inflammatory cytokines and chemokines.
The elucidation of the identity and role of these factors, as well as their regulation locally,
may lead to novel therapeutic means to treat HSK patients at risk to develop corneal
blindness. For example, due to strong anti-apoptotic and activation effects on PMNs,
GM-CSF would be an excellent target to prevent the transition from the acute to the chronic
phase of HK.

Second, although it was demonstrated in Chapter 3 that the genotype of gG and gl
gene do not associated with HK development, the identifications of virulent HSV-1 genes
or combinations thereof is warranted. Corneal HSV-1 isolates can be tested for the presence
of these HK-inducing HSV-1 genes to identify those patients at risk to develop severe HK
and to start appropriate treatment regimens.

Third, the correlation between HSV-1 DNA load and corneal graft rejection warrants
the implementation of HSV-1-specific qPCR on explanted cornea buttons to improve the
long-term visual prognosis of transplanted HK patients.

Fourth, the relatively high prevalence corneal ACV® HSV-1, as well as the ability of
ACV® HSV-1 to establish latency and to reactivate intermittently leading to ACV-treatment
refractory disease in HK patients, argue for the implementation of HSV-1 susceptibility
assays on corneal HSV-1 isolates recovered from HK patients with a clinical history, or
those clinically suspected, of ACV refractory disease. A switch to HSV-1 TK-independent
antivirals, like FOS, will improve the outcome of disease. Given the corneal toxicity of
FOS, the development of a new generation of antivirals to treat corneal ACV® HSV-1
infections is indicated.

In conclusion, the data presented in this thesis provide more insight into the pathology
of HK and describe new diagnostic tools to improve the diagnosis and treatment of HK
patients at risk to develop severe corneal disease.
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Samenvatting (Dutch Summary)

Herpetische stromale keratitis (HSK), met name veroorzaakt door herpes simplex
virus type 1 (HSV-1), is de meest voorkomende oorzaak van non-traumatische cornea
blindheid in de wereld. In tegenstelling tot herpetische epitheliale keratitis (HEK), waarbij
de cornea epitheel lesies veroorzaakt worden door het cytopathologisch effect van het virus,
wordt de pathologic van de chronische hoornvliesontsteking HSK veroorzaakt door
infiltrerende onstekings-cellen in het stroma en de sub-epitheliale cellaag van de cornea.
Herpetische keratitis (HK) is een complexe ziekte, waarbij zowel het virus als de gastheer
bepalend zijn voor het verloop van de ziekte.

Het ontstekingshormoon Granulocyt Macrofaag Kolonie Stimulerende Factor
(GM-CSF) speelt een belangrijke rol bij chronische ontstekingsprocessen zoals reuma en
astma. In hoofdstuk 2 is de rol van GM-CSF in de immunopathogenese van HSK
onderzocht. De studie laat zien dat menselijke hoornvlies epitheel cellen en fibroblasten
GM-CSF uitscheiden na stimulatie met zowel macrofaag- als T lymphocyt-specificke
ontstekings-hormonen (0.a. tumor necrosis factor alfa, interleukine 1 en 17). GM-CSF zorgt
dat granulocyten langer blijjven leven en dat ze geactiveerd worden, waardoor ze
HSV-1-geinfecteerde hoornvlies fibroblasten kunnen doden. Blokkering van GM-CSF in
cornea’s van HSK patiénten dient te worden overwogen om de prognose van HSK patiénten
in de toekomst te verbeteren.

Voorgaande studies in muizen hebben aangetoond dat de mate van HK afhankelijk is
van de virus stam waarmee de muis geinfecteerd wordt. In hoofdstuk 3 is een groot aantal
hoornvlies HSV-1 kweken van HK patiénten onderzocht om te bepalen wat de prevalentie
is van de drie bekende HSV-1 glycoprotein G (gG) en gl varianten en of een variant
geassocicerd is met het HK ziektebeeld. De HSV-1 variant B kwam het meeste voor. Er
werden geen klinisch relevante associaties gevonden tussen een HSV-1 variant en de
ziekteverschijnselen in de bestudeerde HK patiénten. De resultaten duiden dat gG of gl
varianten niet predisponeren voor een veranderd klinisch beeld van HK.

Hoofdstuk 4 beschrijft de prevalentic en klinische conse-quenties van humane
alfa-herpesvirussen in hoornvliesweefsels van hoornvlies donoren en patiénten die een
hoornvlies transplantatie (HT) hebben ondergaan. HSV-1 was het meest voortkomende
herpesvirus en de hoeveelheid HSV-1 DNA in hoornvlies biopten van getransplanteerde
HK patiénten correleerde met de leeftijd van de patiént, de ziekte-vrije periode, hoornvlies
neovascularisatie, pre-HT steroiden behandeling en de ernst van de ziekte. Deze
bevindingen pleiten voor de implementatie van real-time HSV-1 PCR op hoornvlies biopten

van HK patiénten om de post-HT diagnose en behandeling te verbeteren.
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De introductie van acyclovir (ACV) als anti-HSV-1 medicijn heeft de prognose van
HK patiénten drastisch verbeterd. Echter, het veelvuldig gebruik van ACV kan leiden tot
ACV resistentie (ACV®), met ernstige gevolgen voor de behandelde patiént. In hoofdstuk 5
zijn de prevalentie en genetische eigenschappen van ACVRHSV-1 hoornvlies kweken in
een groot cohort van HK patiénten onderzocht. De resultaten laten een onverwacht hoog
percentage aan ACV® zien: 11 van de 173 onderzochte HSV-1 hoornvlies kweken waren
ACV®. Het merendeel van deze patiénten reageerde niet op ACV therapie. Dit benadrukt
het nut van het monitoren van de ACV gevoeligheid van HSV-1 hoornvlies kweken
wanneer een klinische ACV® vermoed wordt. Wanneer ACV® HSV-1 gevonden wordt, kan
foscarnet of cidovovir behandeling gestart worden om de HSV-1-geinduceerde hoornvlies
infectie te controleren.

Hoofdstuk 6 beschrijft het onderzoek aan de incidentie en klinische relevantie van
ACV® in patiénten met recidiverende HK (rHK). Hiervoor werden 38 sequentiéle HSV-1
hoorvlies kweken van 15 rHK patiénten in detail bestudeerd. Hoornvlies kweken blijken
te bestaan uit zowel ACV sensitieve (ACV®) als ACV® varianten van hetzelfde virus. In
patiénten die ongevoelig zijn voor ACV therapie werden hoofdzakelijk ACV® virussen
geisoleerd. De herhaaldelijke isolatie van ACV® HSV-1 uit hoornvliezen van rHK patiénten
geeft aan dat deze ACV® virussen latent aanwezig kunnen blijven en op een later tijdstip
aanleiding kunnen geven tot een klinisch ACV® recidief. Bij patiénten bekend met een ACV
resistente HK wordt aangeraden de ACV gevoeligheid van HSV-1 hoorvlies kweken bij elk
recidief zo snel mogelijk te bepalen.
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H X E (Chinese Summary)
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ABBREVIATIONS

TAAD 7-amino actinomycin D

ACV Acyclovir

ADCC Antibody dependent cytotoxicity

APC Antigen presenting cells

ATP Adenosine triphosphate

BSA Bovine serum albumin

CI confidence interval

CM Conditioned medium

CMV Cytomegalovirus

CNS Central nervous system

DMEM Dulbecco’s modified Eagle’s
medium

DNA Desoxy ribonucleic acid

DNA pol  DNA polymerase

dpi days post infection

EBV Epstein-Barr virus

ELISA Enzyme-linked immunosorbent assay

EM Electron microscopic

FACS Flow cytometer

FBS Fetal bovine serum

FOS Foscarnet

gB Glycoproteins B

GCV Ganciclovir

GFP Green fluorescent protein

GM-CSF  Granulocyte macrophage
colony-stimulating factor

HCE Human corneal epithelial cell

HCF Human corneal fibroblast

HE Hematoxylin and Eosin

HEK Herpes epithelial keratitis

HHV Human herpes virus

HK Herpetic keratitis

HLA Histocompatibility Leukocyte
Antigen

HMBS Homo sapiens
hydroxyl-methyl-bilane synthase
HPMPC  Cidofovir

HR hazard ratio
HSV Herpes simplex virus
HSK Herpes stromal keratitis

IEK
Ig
IHC
IL
INF
ISK
kb
LAT
LPS
mAb
MHC

MOI
NK cell
NSK
ORF
PCR
PCV
PMN
PKP
RE
RFI
RFLP

RNA
RPMI

RT-PCR

RNAi
SEM
SFM
TGF
TK
TNF

US
UL

uv
VZV
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Infectious epithelial keratitis
Immunoglobuline
Immunohistochemistry
Interleukin

Interferon

Immune stromal keratitis
kilo-base pairs
Latency-associated transcript
Lipopolysaccharide
Monoclonal antibody

Major histocompatibility complex

Multiplicity of infection

Nature killer cell
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Propositions
Accompanying the thesis:
“Herpetic Keratitis in Humans: Interaction between Virus and Host”
GM-CSF secreted by corneal resident cells prolongs the survival and modulates
the effector functions of neutrophils (this thesis).

Performing HSV-1 specific real-time PCR on cornea explants is pivotal for the
follow-up of transplanted HK patients (this thesis).

The clinical outcome of HK is independent of HSV-1 US4 and US7 genotypes
(this thesis).

Corneal HSV-1 isolates from HK patients consist of multiple TK mutants from the
same virus strain (this thesis).

ACV-resistant HSV-1 strains establish latency and reactivate to cause HK
refractory to ACV treatment (this thesis).

Studies on the immune control of HSV-1 and VZV latency in humans are
important to prevent recurrent herpetic disease. (Verjans, GMGM. et al 2007)

Vaccines against herpesviruses will not induce sterile immunity.

A study on 100 BALB/c mice equals one human case report.

While waiting for the next influenza pandemic, HSV-1 is responsible for the
simmering pandemic of oral and ocular herpes that has plagued humanity for
millennia.

Mycoplasma infection in tissue cultures is an underestimated problem.

To raise a child is harder than to obtain a PhD.
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