Control of
Herpes Simplex Virus Type 1 Latency

INn Human Trigeminal @nglia

Dissertation

der Fakultat fur Biologie der Ludwig-Maximilians-thersitat Minchen
zur Erlangung des Doktorgrades der Naturwissentamaf

vorgelegt von

Kathrin Held

geboren in Ulm

Minchen, 2012



1. Gutachter: Prof. Hans Straka
2. Gutachter: PD Dr. Anja Horn-Bochtler

Sondervotum: PD Dr. Klaus Dornmair

Dissertation eingereicht: 19.12.2011
Datum der mundlichen Prifung: 19.04.2012



Die vorliegende Arbeit wurde in der Zeit von Jan@809 bis Dezember 2011 am Klinikum
der Universitat Munchen, Grosshadern in den Abtgi@un klinische Neurowissenschaften
und klinische Neuroimmunologie sowie am Max Plamagtitut fir Neurobiologie in der
Abteilung Neuroimmunologie unter Betreuung von PR Diethilde Theil und Prof. Dr.

Tobias Derfuld sowie PD Dr. Klaus Dornmair angegrti



Persistence is half the way.

Fortune cookie






Table of contents

1  Abstract 1
2 Introduction 2
2.1 Immune system 2
2.1.1 T cells 2
2.1.1.1 CDS8T cells 3
2.1.1.2 T-cell receptor 4
2.1.2 Major Histocompatibility Complex 7
2.1.2.1 MHCclass| 8
2.2 Herpes simplex virus type 1 10
221 Taxonomy and Structure 10
2.2.2 Lytic Infection 13
2.2.2.1 Entry into the host cell 13
2.2.2.2 Viral Replication 13
2.2.2.3 Nuclear egress and envelopment 16
2.2.2.4 Lytic cycle proteins and inhibition of haktfence 16
2.2.3 Latency 18
2.2.3.1 Establishment of latency 18
2.2.3.2 Maintenance of latency 20
2.2.3.3 Immunological control of latency 21
2.2.3.4 Reactivation from latency 23
2.3  Objectives 25

3 Results 26

3.1  Clonal expansions of CD§ cells in latently HSV-1-infected human trigeniina

ganglia 27
3.2 Expression of herpes simplex virus 1-encodedtoRNAS in human trigeminal
ganglia and their relation to local T-cell infiltes 38

4  Discussion 45
4.1  The infiltrating T cells are clonally expanded 46
4.2  Colocalisation of infiltrating T cells and lateHSV-1 in human TG 49
4.3 Model of latent HSV-1 infection in humans 52

5 Bibliography 55

6  Abbreviations 64

7 List of publications 65



Table of contents

10
11

Zusammenfassung
Eidesstattliche Versicherung
Danksagung

Curriculum vitae

66
67
68
69



Abstract

1 Abstract

Herpes simplex virus type 1 (HSV-1) is a doublesstied DNA virus that infects humans
and, after a primary lytic infection, establishi#sldng latency in the sensory neurons of the
trigeminal ganglia (TG). HSV-1 latency is accomahby a chronic immune cell infiltration
of the TG, the infiltrate being mainly composeddi8" T cells. These T cells are believed to
control viral latency, but cellular and viral factdike viral microRNAs are also considered to
play a crucial role in the establishment and maiatee of viral latency.

In the present work, it was investigated whether tissue-infiltrating T cells are clonally
expanded, which would indicate that these T celés activated by antigen. By applying
complementarity determining region 3 (CDR3) spegpiag and immunohistochemistry,
several clonal expansions were identified in the-ré&dent T cells. In addition, several
T cells were present that seemed to be unspecigtabder T cells. Strikingly, some
expanded T-cell clones were present in the rigldat laft TG of the same individual. This
strongly suggests that similar antigens are preseitoth TG and that the infiltration of
immune cells to the TG is driven by antigen.

The morphology of the TG was investigated by imniusimchemistry andh situ hybridiza-
tion. Analysis of the distribution of T cells thglwout the TG provided puzzling results:
unexpectedly, most neurons surrounded by T cellxdt harbour the only known prominent
transcript during latency, the latency associatedscript (LAT). Whether these neurons do
actually harbour latent virus was addressed bymbamation of LATin situ hybridisation,
T-cell immunohistochemistry, and single cell anaysf laser microdissected sensory
neurons by PCR. This analysis revealed that onlyi'LAeurons were harbouring HSV-1
DNA and viral microRNAs. Also, mRNA for a viral gerproduct was only detected in LAT
neurons. All analysed LATneurons were devoid of viral microRNAs and DNAHSV-1.
DNA of HSV-2 or varicella-zoster virus (VZV) was ihadetected in any of the excised
neurons. Altogether this indicates that in the wasjority of infected human neurons, HSV-1
latency is not directly controlled by T cells, bnaither by cellular or viral factors like the
miRNAs. Our data suggest that CDB cells only come into action if these mechanisire

overrun.



Introduction

2 Introduction

2.1 Immune system

The body has to constantly protect itself from aetg of pathogens like viruses, bacteria,

fungi or parasites, as well as from mutated autmlggcells. It is the role of the immune

system to protect the organism against such thréats systems have evolved to accomplish
this. The first line of defence is the innate immuesponse. Immediately after crossing the
surface barriers of skin or mucosa, pathogensdamtified as non-self by invariant receptors
recognising common features of pathogens. This thggers an inflammatory process. The

innate immune system consists of white blood diédés macrophages, dendritic cells, granu-
locytes, mast cells, and natural Killer cells, adlvas the soluble factors of the complement
system. If pathogens overcome these first contrethanisms, the innate immune system
paves the way for the adaptive immune responsepasvkents accelerated pathogen repro-
duction whilst the adaptive response is generdtedontrast to the innate immune system,
the effectors of the adaptive immune response resegspecific antigens and are able to
memorise them. These effectors of the adaptive inemtesponse are the lymphocytes,
divided into T cells and B cells. T cells play tkeentral role in cell-mediated immunity

whereas B cells, by generating specific antibodiesresent the humoral branch of the adap-
tive immune response. The downside of such a higpégcific immune response is the rejec-

tion of transplants or autoimmune disorders ofit@une system.

2.1.1 Tcells

T cells originate from lymphoid progenitor cells ihe bone marrow but their maturation
mostly takes place in the thymus (Chaplin, 201®e Tearrangement of the T-cell receptor
(TCR), as well as selection of T cells with a fuocal, non-autoreactive TCR, takes place
there. After maturation, T cells are released ftbmthymus and migrate between the blood-
stream and lymphatic organs as mature naive T, agiisl they encounter their respective
antigen. Activation of T cells depends on presaémtadf antigens by antigen-presenting cells
(APC) on major histocompatibility complex (MHC), cara further co-stimulatory signal.

Upon antigen recognition T cells proliferate, giyinse to a clonal expansion, and finally

differentiate into effector T cells. Most effectbrcells die eventually, but some persist after
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antigen clearance and differentiate into memoriscaihich can be reactivated quickly upon
a second encounter with the respective antigen.

There are two main subsets of T cells (Chaplin,020&ach carrying one of two different
surface receptors, CD4 or CD8. CDRcells recognise antigens presented on MHC ¢lass
which is present on immune cells only. The maircfiom of CD4 T cells is to modulate the
actions of other immune cells by the secretionydbkines or direct interaction. There are a
variety of regulatory T cells of both subsets, ésample the most commonly known CD4
FoxP3 regulatory T cells (Sakaguchi et al., 2009). Ratprly T cells are able to suppress
other immune cells and play a crucial role in thduiction of immune tolerance. CD¥ cells
are stimulated by antigen presented on MHC clagshich is present on most cells of the
body. The major task of CDSI cells is to detect and destroy cells that afecied by intra-
cellular pathogens or altered by mutagenesis. Aswibrk focuses on herpesvirus infection,
both CD8 T cells, key players in anti-viral immunity, aslives MHC class | molecules, are
explained in detail in the following sections.

2.1.1.1 CD8' T cells

CD8'" T cells, also called cytotoxic T cells, are capabf inducing death in somatic cells
infected by a virus or other intracellular pathogjeas well as in tumour cells (Russell and
Ley, 2002). The characteristic feature of theseellsds the surface molecule CD8, which
binds to MHC class | molecules and stabilises titeraction of the TCR with the MHC
molecule. Upon recognition of a specific peptide:®Elass | complex by the TCR, and a co-
stimulatory signal provided by the APC, naive CDBcells differentiate into cytotoxic
T cells. Without the co-stimulatory signal, aneggyapoptosis is induced in T cells reactive to
peptide:MHC complexes, preventing immune respotseglf antigens. If a fully differenti-
ated CD8 T cell encounters its respective antigen, the T&RS$the associated co-receptors
cluster at the site of cell-cell contact, formingiemmunological synapse. This also leads to a
reorientation of the cytoskeleton, in order to ®the release of effector molecules. There are
two classes of effector molecules produced by &ffe€D8 T cells: cytokines and cytot-
oxins. Cytokines are small soluble proteins that wepdulate the actions of cells. The major
cytokine released by CDST cells is interferon: (IFN-y), which induces a non-cytotoxic
antiviral response, but cytokines of the tumourrasis factor (TNF) family are also secreted
by CD8 T cells. The second set of effector moleculestlagecytotoxins, which are synthe-
sised and stored in specialised cytotoxic grandigig the activation of a naive CDB cell

(Russell and Ley, 2002). Perforin, one of the aytat proteins, delivers the other contents of
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the cytotoxic granules to the membrane of the targkt. Another component of the granules
is a family of serine proteases, the granzymeschvtrigger apoptosis in the target cell. Gran-
zyme B cleaves and activates caspase-3, whichrrtriggers the caspase cascade, leading to
the degradation of DNA and apoptosis. The last aomept of the cytotoxic granules in
humans, granulysin, has antimicrobial propertie®8TT cells can also induce apoptosis in
other cells by the interaction of Fas with FasridlaAs both transmembrane proteins are
expressed on activated lymphocytes, this mechanssmprimarily employed to control
lymphocyte numbers. The mechanism by which CD8-llE énduce apoptosis in target cells
is highly precise, as only infected target cells kitled while neighbouring healthy cells are

spared.

2.1.1.2 T-cell receptor

T cells recognise their respective antigen, prezseon MHC, via the TCR expressed on the
surface of all T cells. The TCR is a heterodimdrmjal in the majority of T cells is composed
of onea- and ong3-chain (Rudolph et al., 2006). Each of the two T€Mins has a C-termi-
nal transmembrane region with a short cytoplasailc The extracellular N-terminal portion
consists of a constant (C) and a variable (V) negReptide:MHC complexes are recognised
via the V region. The whole TCR complex consist®éa andp TCR chain together with
the CD3 complex (Clevers et al., 1988). The CD3 glem which is composed of orye and
one d-chain, as well as twe- and {-chains, all with long cytoplasmic tails, is invelV in
signal transduction. The structure of the TCR ipicted inFig. 1. Each TCR complex is
associated with the co-receptor CD4 or CD8 whictdbito MHC class | or 11, respectively.
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Fig. 1 Schematic model of the T-cell receptor complex.

Depicted is am:p TCR in blue, which recognises the peptide:MHC gllasomplex on somatic cells.
Signalling occurs via the CD3 complex (in orangeynsisting of CD8CD35 and CD3:CD3y
heterodimers and orig, homodimer. Further, th&p heterodimeric CD8 co-receptor is depicted here
in purple. The CD8 molecule binds to MHC classdgant on most somatic cells. (Scheme according
to (Murphy et al., 2008))

The variability of the TCR, and therefore the dbpilio recognise a broad spectrum of anti-
gens, is generated by somatic recombination — aenoorless random joining of gene
segments — which takes place during T-cell devetognm the thymus. Thg-chain of the
TCR is composed of a variable (V), a diversity (B)joining (J), and a constant (C) gene
segment, whereas thechain lacks the D segmerftig. 2). The a-chain locus on chromo-
some 14 consists of 70-80aV61 &, and 1 @ gene segments. THechain locus, on the
other hand, is located on chromosome 7 and endodé® Vp, 2 D3, 13 B, and 2 @ gene
segments (Arden et al., 1995) (Lefranc and Lafraf0.1). The rearrangement of the different
loci is mediated by two enzymes, the recombinatiotivation genes (RAG) 1 and 2. The
sequence of gene rearrangement.:ih T cells starts with the rearrangement of flaehain
locus in CD4 and CD8 double-negative thymocytesstFDB segments rearrange t@ J

segments and subsequently thg3égment rearranges to[Psegments (Krangel, 2009). The
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successful rearrangement of diiehain leads to the expression of thishain, together with

a surrogater-chain on the surface of the thymocyte, and geangargement is halted. This
ensures the allelic exclusion of thechain, followed by a rapid cell proliferation asgpres-
sion of both TCR co-receptors CD4 and CD8. Whenpttodiferation phase ends, rearrange-
ment of W with Ju is induced.

During TCR rearrangement, random nucleotides adecdr deleted at thefvDp and DB-Jp
junctions, as well as at thexMa junctions, thus generating an extremely variabfgan, the
complementarity determining region 3 (CDR3). Thypérvariable region forms the antigen-
binding site of the TCR (Rudolph et al., 2006). Tatetion or insertion of nucleotides leads
to variation in length of approximately 6 to 8 amiacids between different T-cell clones.
The CDR1 and 2, which mainly mediate contact toMiéC, are germline encoded within the
V gene segments. The combination of different gegggments, the pairing of two TCR chains
and the insertion or deletion of random nucleotigeslis to a possible total diversity ranging
from 10" to 1G° TCR molecules (Miles et al., 2011).

B-chain germline DNA mm a-chain germline DNA

p - {HHHI- —HHHI o 400 HHHHHI-
s — «—  o«TIHHHHEE-:
rearranged B-chainDNA rearranged a-chainDNA

TCR protein

Fig. 2 Somatic recombination @gfchain andx-chain V(D)J segments.

TCRa andp genes are rearranged during T-cell developmetiteithymus. One of each of the V(D)J
gene segments is chosen randomly, and gene segarendsbsequently linked by somatic recombi-
nation. In the final TCR-molecule, the CDR3 regioomposed of the §£DB-JB and Wi-Jao junctions,
forms the antigen-binding cleft. (Scheme accordm@urphy et al., 2008))

Once a functionad: TCR can be expressed on the cell surface, douwsdihge thymocytes
are selected by their recognition of MHC loadedhvgelf-antigen. Thymocytes reacting too
strongly or not at all to self-peptide:MHC complexae deleted in the thymus. CD8 and CD4
double-positive thymocytes that react with low mtff to MHC class | or MHC class Il
become CD4+ or CD8+ T cells, respectively, andraleased into the bloodstream (Chaplin,
2010).
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Recognition of a specific peptide:MHC class | coexpby the TCR of a T cell leads to clus-
tering of TCR components, with subsequent phospaton by the TCR-associated tyrosine
kinases Lck and Fyn. This leads to recruitment APZ70, which in turn induces a signal
transduction cascade leading to an increase ointingcellular calcium concentration and
finally to the activation of several transcriptitactors (Lin and Weiss, 2001).

As many viruses have evolved strategies to dowtaegMHC class | expression, CD8
T cells need to be able to react to very low lew#lantigens to evoke an effective immune
response. As a matter of fact, it was shown thates€D8 T cells may even become acti-
vated by such low numbers as one to three peptid€Mlass | complexes (Sykulev et al.,
1996) (Purbhoo et al., 2004).

2.1.2 Major Histocompatibility Complex

The major histocompatibility complex (MHC) is adarcluster of genes, encoding membrane
glycoproteins that bind pathogen-derived peptided display them on the cell surface to
T cells. In humans, these genes are encoded omokmme 6 and are called human leuko-
cyte antigen (HLA). To defend the organism agaigast variety of pathogens, the MHC has
to be able to bind a wide range of pathogen-derpegtides. Therefore, the MHC locus is
polygenic and both MHC alleles are expressed consmtly. Further, the MHC genes are
highly polymorphic, meaning there are various défe alleles present in the population.
There are two main classes of MHC molecules. MHG<I, which is expressed on almost all
somatic cells except the erythrocytes, presentsiqespderived from the cytosol to CD8
T cells. On some somatic cells such as neurongession of MHC class | molecules occurs
only after induction by an inflammatory milieu (Nmann et al., 1995). CD4T cells on the
other hand, recognise antigen only in the contéMIdC class Il, which is expressed solely
on immune cells like macrophages, dendritic cell8 @ells. Peptides derived from proteins
in intracellular vesicles, taken up by endocytoais, presented on MHC class Il.

The MHC further encodes many other proteins invblwe antigen processing and the

production of peptide:MHC complexes.
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2.1.2.1 MHC class |

The MHC class | molecule is a heterodimer congystiha membrane anchoreechain and a
non-covalently associatgt2-microglobulin (Germain, 1994). Thechain, encoded on chro-
mosome 6 within the MHC locus, forms three domathsal, a2, anda3 domains Fig. 3).

In humans, genes encoding for the MHC clagschain are called HLA-A, -B, and-C. The
highest allelic variation occurs within thel anda-2 domains, which form the peptide-bind-
ing cleft. Thep2-microglobulin, in contrast, is not polymorphicdanot encoded within the
MHC locus, but on chromosome 15. Binding of the T€&Rreceptor CD8 is mediated by the
a3 domain, which also binds tifi@-microglobulin. The peptide-binding cleft of MHTass |
molecules binds peptides typically 8 to 10 aminds length via hydrogen bonds and ionic
interactions (Rudolph et al., 2006).

peptide
a2 al
a3 B2-
microbobulin
A B

Fig. 3: Structure of the MHC class | molecule and bindshighe TCR.

A: The MHC class | heterodimer composed of arehain, which folds into three domains
(a1, a2, anda3) and the32-microglobulin.(Scheme according to (Murphy et al., 200B)and C:
Recognition of the peptide:MHC complex by the TORe CDRs of the TCR are binding the
MHC molecule as well as the peptide (Rudolph e24I06).



Introduction

Viruses and some other pathogens replicate inside host cells. Some pathogen-derived
proteins are degraded by the proteasome complexsahdequently transported into the
lumen of the endoplasmic reticulum (ER) where thd@/class | molecules are synthesised.
Transport of cytosolic peptides into the ER lumemmediated by two heterodimer-forming
proteins in the ER membrane, the transporters edsdcwith antigen processing-1 and -2
(TAP1 and TAP2). In the ER lumen, the MHC classdhain is associated with chaperones
until it finally bindsp2-microglobulin and an adequate peptide. The foegitide:MHC class |
complex is transported to the cell membrane viaGbégi apparatus (Germain, 1994). Many
components of the antigen-presenting pathway aregugated by IFNy, a cytokine produced
upon viral infection.

MHC class | molecules can also present exogenoptdes by a mechanism called cross-
presentation. This mechanism ensures that'CID&lIs can respond to pathogens that do not
infect APCs. The main types of APCs able to presairacellular proteins on MHC class |
are dendritic cells, which are then able to activadive CD8 T cells (Heath and Carbone,
2001).



Introduction

2.2 Herpes simplex virus type 1

Herpes simplex virus type 1 (HSV-1) is a herpesvimhich frequently infects humans,
causing a variety of diseases ranging from relbtilarmless cold sores to ocular herpes, the
leading cause of blindness caused by infectionngtustrialised countries. After primary
infection, usually occurring via the mucosa of tm®uth, HSV-1 establishes latency in
sensory neurons, a state that lasts for the lifthefhost. Viral latency is characterised by
retention of a functional viral genome and veryiled gene expression without production of
infectious virus particles. Due to certain triggessch as stress, UV light, or immune suppres-
sion, the virus can reactivate from the latenteséaid cause recurrent infections at the original
site of infection. As well as cell culture systerssyeral animal models of infection, including

mice and rabbits, are used to study the life cgtldSV-1.

2.2.1 Taxonomy and Structure

HSV-1 belongs to the family Herpesviridae, a grafplarge double-stranded (ds) DNA
viruses infecting a broad range of animals fromlusals to higher vertebrates (Modrow et al.,
2010). Even though infections by different herpasses lead to different symptoms, particle
morphology and molecular properties are very simiéhin this virus family. The name
herpes is derived from the Greek word “herpein” nieg@ “to creep” which refers to the
creeping spread of HSV-1 skin lesions (Whitley ddizman, 2001). The characteristic
feature of all herpesviruses is the ability to stvibetween lytic infection and latency.

HSV-1 virions consist of an icosahedral nucleocpsimposed of 162 capsomers that
contains the dsDNA genome, a lipid envelope withtap2 embedded glycoproteins, and the
protein-filled tegument in betweeki@. 4). The viral glycoproteins (gB, gC, gD, gE, gG, gH,
gl, gJ, gK, gL, gM, gN) play a role in adsorptiandnd penetration of the cell, as well as in
eliciting protective antibodies. Some of the tegatr@oteins, which enter the host cell along
with the virus, play important regulatory functioinsinducing viral replication, such as VP16
and vhs (virus host shutoff) (Modrow et al., 2010).

10
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Courtesy
Jay C. Brown
Univ. Va.

Tegument

Fig. 4 Structure of the HSV-1 virion.

A: Electron microscopy micrograph of a HSV-1 virignourtesy of Jay Brown, University of
Virginia). B: Schematic structure of the HSV-1 wimj showing the lipid envelope containing glyco-
proteins, the nucleocapsid and the tegument.

The dsDNA genome of HSV-1 — about 152,000 bases paitength — is divided into a long
and a short segment. The virus genome encodeddoit 84 proteins with multiple functions
(Whitley and Roizman, 2001), and in total has appnately 89 open reading frames (ORF),
some of them patrtially overlapping (Rajcani et 2004). Six distinct regions can be found on
the HSV-1 genomeHg. 5). The unique long () and short () regions are flanked by two
pairs of inverted repeats, the long repeats/(B) and the short repeatss(Rc). Additionally,

at both ends of the linear molecule, there aredlaively short a sequences. They function in
circularisation of the DNA upon infection. Thereedhree origins of replication (ori), where
the replication of the genome starts. One residela middle of the Uregion (ori) and the
other two are in the f(oris) (Modrow et al., 2010). Apart from a few excepspmost
HSV-1 transcripts are not spliced (Rajcani et 2004). Upon infection the genome circu-

larises and exists as an episome in the nucletiedfost cell.

11
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Fig. 5 Scheme of the HSV-1 genome.
The HSV-1 genome consists of one unique long @hd one unique short §Jsequence being sepa-

rated by inverted repeats at the termini (BRd TR) as well as in the middle (JRand IR).

Members of the Herpesviridae family can be groupgdheir host cell range and their repli-
cative properties (Wagner and Bloom, 1997). Alplnpésviruses can infect a relatively broad
spectrum of host cells, have a short replicationlegyand establish lifelong latency in
neurons. Betaherpesviruses, on the other hand,&aaerow host cell range, a slow replica-
tion cycle, and establish latency in leukocytese Tthird group of herpesviruses, the
Gammabherpesviruses, have a narrow host cell rastghlish latency in B lymphocytes, and
vary in length of the replication cycle. The Gamergesviruses can cause cancer by induc-
ing proliferation in the infected cell3able 1 lists the eight herpesviruses infecting humans,

grouped by subfamily.

Table 1 Human herpesvirus classification of the Herpadaig Family

(According to the International Committee on Taxayof Viruses)

Subfamily Genus Species

Alphaherpesvirinae | Simplexvirus Herpes simplex virus type 1

Herpes simplex virus type 2

Varicellovirus Varicella-zoster virus
Betaherpesvirinae Cytomegalovirus| Human cytomegalovirus
Roseolovirus Human herpesvirus 6

Human herpesvirus 7

GammaherpesvirinaeLymphocryptovirus| Epstein-Barr virus

Rhadinovirus Kaposi’s-sarcoma-associated herpesvirus

12
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2.2.2 Lytic Infection

HSV-1 infection of epithelial or mucosal cells résuin lytic infection of the host cell
followed by production of infectious virus. DuringSV-1 lytic infection, viral genes are
expressed in a highly regulated cascade. Lyticctida usually results in the release of infec-

tious virus particles and death of the host cell.

2.2.2.1 Entry into the host cell

Infection of a host cell begins with the attachmehHSV-1 to host cell receptors via glyco-
proteins in its lipid envelope (Whitley and Roizm&001). Attachment is mediated by bind-
ing of gC to heparan sulphate proteoglycan on tiet bell, followed by binding of gD to a
modified heparan sulphate or HVEM (herpesvirus yentediator). Fusion of the host cell
membrane with the virus membrane requires formatibra complex of gB with gH/gL
(Eisenberg et al., 2011), after which the capdioh@with tegument proteins, gets released
into the host cytoplasm. HSV-1 can also enter heli$ via receptor-mediated endocytosis or
cell to cell transmission (Modrow et al., 2010).eTéapsid and some tegument proteins are
then transported via microtubules to nuclear povdsere viral DNA is released into the
nucleus. Other tegument proteins, such as vhsaappeemain in the cytoplasm. Vhs causes
disaggregation of polyribosomes and degradatiocethfilar RNA thereby priming the cell to
virus production (Wagner and Bloom, 1997). Upomeitto the nucleus, viral DNA is asso-

ciated with histones and therefore silenced (Roigr2811).

2.2.2.2 Viral Replication

Viral genes are transcribed in a sequential marffiiest the immediate early o-genes are
transcribed, which in turn activates transcriptafrearly orp-genes. Finally, after viral DNA
synthesis, the late grgenes are transcribed. The replication cycle o¥HSs very short, as
mature virions are formed within 8 hours after atien in some cell culture systems (Wagner

and Bloom, 1997). A scheme of the Iytic cycle ofHS infection is depicted ifig. 6.

13
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Fig. 6: Lytic life cycle of HSV-1.

Primary lytic infection of epithelial or mucosallisestarts with attachment and penetration of HSV-1
The capsid is then transported to the nuclear maneband the linear dsDNA is injected into the
nucleus. Subsequently, the genome circulariseshendascade of viral gene expression is induced by
the binding of VP16 together with HCF1 #egene promoters. Assembled virions bud through the

nuclear membranes, are enveloped at the trans-Getiggiork and released from the infected cell.

Transcription of a-genes

Binding of thea-gene promoter by the tegument protein VP16, tagetith two cellular
factors Octl (octamer binding protein 1) and HCiikds¢ cell factor 1), leads to recruitment of
a histone demethylase, which demethylates histpressent on viral DNA and thereby initi-
ates transcription ad-genes (Roizman, 2011). The fiwegenes named infected cell protein
(ICP) ICPO, ICP4, ICP22, ICP27, and ICP 47 aresttebed first (Wagner and Bloom, 1997).
The capped and polyadenylatednRNAs are transported into the cytoplasm, wheeg tire
translated into proteins that are in turn re-im@drinto the nucleus, where they promote tran-
scription of early genes. ICPO, ICP4, and ICP27patent transactivators of viral early and
late gene transcription, whereas ICP22 promotesdtrgtion of viral late genes (Wagner and

Bloom, 1997). ICP47 functions in export of viral R from the nucleus (Modrow et al.,

14
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2010). Apart from activating RNA polymerase II, KCBan also downregulate expression of
the latency-associated transcript (LAT) andoatlenes, including itself (Deluca, 2011). ICPO
promotes viral early transcription by binding to aepressor complex
(HDAC/CoREST/LSD1/REST) which then gets detacheunfithe viral genome (Roizman,
2011). Another function of ICPO is mediated byHt3 ubiquitin ligase activity which marks
proteins for proteasomal degradation. ICPO wasddorinduce degradation of ND10 nuclear
bodies, which are dynamic structures in the nucteusisting of a large number of proteins
with functions in stress response, transcripti@aoaltrol and innate immune response (Everett,
2011).

Transcription of s-genes

Presence of virak-proteins in the nucleus leads to expressiofi-génes, which all encode
for non-structural proteins involved in the reptioa of viral DNA. Severp-proteins need to
be present in the nucleus to ensure viral DNA oggilon: the viral DNA polymerase (UL30),
the helicase/primase complex (UL5, UL52, UL8), anbinding protein (UL9) and two DNA
binding proteins (UL42 and UL29) (Ward and Well2911). Another importarfi-protein is
the viral thymidine kinase, which catalyses theggtmrylation of thymidine. After accumu-
lation of sufficient levels of-proteins in the nucleus, synthesis of multipleiespof viral
DNA by the viral DNA polymerase is initiated. Thadso leads to a shutdown of IE and E
gene expression (Wagner and Bloom, 1997). DNA capbn takes place in replication
compartments in the nucleus, forming at previouslBIBites which were dissociated by the
E3 ligase activity of ICPO (Ward and Weller, 201REplication of viral DNA starts at the
oris and occurs by the rolling circle principleading to viral DNA containing multiple units

of the viral genome in concatemers.

Transcription of y-genes

The HSV-1y-genes, which are mainly transcribed after DNA iogplon, encode for 30
structural or core proteins. These genes are sigdedivinto yl-genes, expressed in small
amounts before viral DNA replication, ané-genes that are absolutely dependent on DNA
replication for expression (Wagner and Bloom, 19%jer transcription, the mRNAs are
exported form the nucleus to the cytoplasm whesy tare translated into protein. These
proteins are then transported back into the nuchkbsre assembly of the virus capsid and

subsequent packaging of viral DNA takes place.
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2.2.2.3 Nuclear egress and envelopment

During lIytic infection, the nuclear membrane is nfied by the insertion of herpes glyco-
proteins. HSV-1 capsids, enclosing the viral DNAdbthrough the inner lamella of the
nuclear membrane, thus acquiring the initial enpeld his envelope then fuses with the outer
nuclear membrane, and the bare capsids producedharereleased into the cytoplasm
(Baines and Roberts, 2011). At the trans-Golgi nétywiral capsids associate with tegument
proteins including VP16 and vhs, and are finalligased at the plasma membrane, with an
envelope formed by trans-Golgi vesicles. Nucleocpassociated with tegument can also
spread to other cells by syncytium formation (Madeet al., 2010).

2.2.2.4 Lytic cycle proteins and inhibition of host-defence

Several viral proteins expressed during lytic itifat have functions in inhibiting host-
defence. Of the HSV-1 mechanisms known to inhibti-giral response, the functions of
ICP47 are best known. This protein has been dematedtto bind to the cytoplasmic domain
of TAP (Hill et al., 1995), which is positioned Wwih the ER membrane. Binding of ICP47
stops TAP from transporting peptides to the endwopla reticulum, where they would be
associated with MHC class | and presented to TDéells on the cell surface.

ICPO has also been shown to have an effect ondedetice, via its degradation of ND10
nuclear bodies. These distinct nuclear structuresbailt up of several proteins, with func-
tions in chromatin modification, DNA damage resps)sstress responses, regulation of gene
expression, and innate immune responses that aegulpted by IFN¢ (Everett, 2011).
Therefore, HSV-1 ICPO renders the cell unsusceptiblFNy. The role of ICPO as an IF-
antagonist is further emphasised by its abilityvtrk against STAT (Signal Transducer and
Activator of Transcription) or IFN- receptor-dependent repression of the virus (Halftr
al., 2006).

An intrinsic mechanism to protect cells againsalinfection is the detection of dSRNA by
host protein kinase R (PKR). Activated PKR canumtinduce the IFN-dependent immune
response, apoptosis, and activation of the cetaaklation initiation factor elFe2 which
subsequently blocks all protein synthesis. ViraP83.5 can prevent this translational block
(Whitley and Roizman, 2001). Another HSV-1 proteaunteracting PKR is Us11. It binds to
dsRNA, which therefore cannot be recognised by RKIRdrow et al., 2010). The cellular

intrinsic defence mechanisms are further impaingdhle HSV-1 vhs-induced destruction of
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cellular mRNA, inhibition of DNA transcription, anblocking of mRNA splicing (Whitley
and Roizman, 2001).

Immune evasion mechanisms are also mediated by ebthe viral glycoproteins (Modrow
et al., 2010). For example, gC can bind to the dempnt component C3b. Furthermore, gE
and gl bind to the Fc region of antibodies, therpt®venting the binding of the Fc-domain of
antibodies by immune effector cells. These two gyoteins also mediate cell-to-cell spread
of HSV-1 without release of infectious virus, whayethe virus can avoid encounters with
neutralising antibodies.

Eliminating infected cells by apoptosis is a cruarechanism in limiting viral spread. HSV-1
has evolved several mechanisms to block prograneeidieath. For instance, thegenes
ICP4, ICP22, and ICP27 are anti-apoptotic proté®stter and Blaho, 2011). Furthermore,
Us3, Usll, U 14, gJ, and gD are believed to inhibit apoptosissed by cell injury (Cotter
and Blaho, 2011).
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2.2.3 Latency

A primary infection with HSV-1, which usually ocauat the oral mucosa, results in lytic
infection with lysis of the epithelial or mucosatlls, and subsequent release of infectious
virus. Free HSV-1, released from productively indeccells, can then enter sensory nerve
fibres innervating the site of inoculation. Theugrthen travels via retrograde transport to the
cell body of the neurons, which are located in tifigeminal ganglia (TG). There, HSV-1
establishes lifelong latency (Baringer and Swow|alD73), which is characterised by the
existence of a functional viral genome without ghreduction of infectious virusHg. 7).
During latency only minimal expression of viral gsnoccurs. The only transcript abundantly
expressed is the latency-associated transcript LBt recently minimal expression of other
viral transcripts has also been described in Ibtentected human (Derfuss et al., 2007) and
mouse TG (Kramer and Coen, 1995) (Chen et al., )1@33ldman et al., 2002) (Chen et al.,
2002a). Latency is divided into three steps. Fistjng establishment of latency, viral DNA
circularises upon entry into the nucleus and snsd by association with histones. Second,
throughout the maintenance of latency only minimgbression of viral genes occurs. The
third step is spontaneous reactivation from latemdyen new infectious virions are formed

(Fig. 8).

2.2.3.1 Establishment of latency

In human HSV-1 infection, events taking place aftemary infection cannot be studied.
However, studies in the mouse model reveal thay exitthe virus into the TG is followed by
a short phase of increasing virus titres, duringctviinfectious virus can be recovered from
the TG (Liu et al., 1996). It is not yet resolvetiather HSV-1 is transferred from neuron to
neuron, or if multiple neurons are infected at pleeiphery. As no local sensory loss induced
by neuronal death can be observed, it could beutgted that neurons either do not die upon
viral replication or that viral replication doestnake place. Despite this, an infiltration of
immune cells into the primary infected TG occurgeTnitial immune infiltration in the TG is
composed of cells of the innate immune system (8kinet al., 1995) (Liu et al., 1996),
which later changes, from day seven post infectiowards, to mostly CD8T cells of the
adaptive immune response (Liu et al., 1996). Theeamance of CDSBT cells is concurrent
with elimination of viral replication (Simmons ardcharke, 1992). Establishment of viral
latency is not only promoted by the immune systeowever, as HSV-1 was found to estab-

lish latency in the TG of mice deficient in an itmand adaptive immune system (Ellison et
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al., 2000). Upon entering the nucleus of its hedit @iral DNA immediately circularises and

Is associated with histones (Efstathiou et al.,6)9®eshmane and Fraser, 1989). HCF1,
which is needed for induction of viratgene expression by VP16, is present in the cysopla
of unstressed neurons, unlike in non-neuronal edllsre it is located in the nucleus. Without
the VP16/HCF1/Octl complex, the viral genome remaitenced, as associated histones as
well as the HDAC/CoREST/LSD1/REST repressor comphkme not removed (Roizman,
2011) Fig.7). Active regulation by the virus itself does n@&em to be a prerequisite for
establishing latency, as no viral gene product sfesvn to be absolutely required (Wagner
and Bloom, 1997). Thus, latent infection seemset¢éhie consequence of a failure to enter the
lytic cascade.

replication ?

£ N\ N\
@: j\—;\ @

retrograde axonal transport

N

Fig. 7. Establishment of HSV-1 latency.

HSV-1 enters axonal termini at the site of the piyninfection. Viral capsids are transported in a
retrograde manner to the nerve cell body. Uponctiga of viral DNA into the nucleus, the DNA
circularises, and associates with chromatin. Dulatgncy the viral genome persists as an episome.
As HCF1 is not present in the nucleus of unstressedons, the VP16/HCF1 complex cannot initiate

a-gene expression and thereby viral lytic gene esgioa is silenced. During latency only LAT is
expressed.
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2.2.3.2 Maintenance of latency

In latently HSV-1-infected sensory neurons, theyadbundantly expressed viral gene prod-
ucts are the LATs (Stevens et al., 1987) (Croeal.etl987). The primary 8.5-kb polyade-
nylated transcript is spliced into a 2-kb LAT swldhtron, which accumulates in neuronal
nuclei (Wagner and Bloom, 1997). It is still a reatbf debate whether functional peptides or
proteins are derived from this transcript (Hendersbal., 2009). As LAT is the only easily
detectable transcript in latently infected neuranany functions in establishment and main-
tenance of latency, as well as in reactivation,ehlbgen attributed to it. Studies with LAT
mutants in animal models of infection suggest aommole of LAT in latency. It was shown
that LAT is not essential, because most CATutants do establish latency and can reactivate
(Perng et al.,, 1994) (Chen et al., 1997). Furtheema mice, not all sensory neurons
harbouring HSV-1 DNA express LAT to detectable lsev@lehta et al., 1995) (Chen et al.,
2002b). Infection of mice with LATmutants did however result in decreased numbers of
latently infected TG neurons (Thompson and Sawi&l§7) and a decreased reactivation rate
in explant cultures of mouse TG (Carr et al., 1998)e importance of LAT in promoting
spontaneous reactivation seems to vary betweenespexs the effect of LATmutants is
more prominent in rabbits (Perng et al., 1994)l(etilal., 1990) than in mice (Margolis et al.,
2007). Spontaneous reactivation of HSV-1 from leyealso seems to vary between species
as it is a much more common event in humans arultsathhan in mice. Therefore, the effect
of LAT on the latency-reactivation cycle might bederestimated in small animal models
with a shorter life expectancy, and therefore atsindatency period, than humans.

One mechanism by which LAT could be maintainingmaty might be via the transcriptional
control of ICPO Fig. 8), as LAT expression is associated with an increéassspliced ICPO
transcripts (Chen et al., 2002a) (Maillet et alo0@&). ICPO has to be present to ensure
complete reactivation from latency, with productminfectious virus (Halford and Schaffer,
2001) (Thompson and Sawtell, 2006). For some of rbeently described 16 HSV-1
microRNAs, an antagonistic effect on viralgene products has also been suggested.
microRNAs are short RNA molecules of about 22 nofttes in length, capable of hampering
protein production by binding to complementary mRNAost of the HSV-1 microRNAs are
encoded within the primary LAT transcript, or inngenic regions close to LAT (Cui et al.,
2006) (Umbach et al., 2008) (Umbach et al., 2008jgk et al., 2010), and are differentially
expressed in productive versus latent infectiormioce and humans (Umbach et al., 2008)
(Umbach et al., 2009) (Jurak et al., 2010). Umbacl, 2008 showed that microRNA H2-3p

and microRNA H6 are able to reduce ICPO and ICPdression, respectivelyn vitro.
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Conversely, no significant effect on establishmami maintenance of latent infections was
observed in mice infected with HSV-1 mutants defitiin the LAT-derived microRNAs and
microRNA H6 (Kramer et al., 2011). It therefore @@ns to be resolved, whether viral
microRNAs and LAT might be more important in humawsth sRNA1 and sRNA2, two
more small RNAs have been mapped to the LAT regiBoth were shown to function in
inhibiting productive infection and apoptosis ince(Perng and Jones, 2010).

During latency HSV-1 DNA is in a heterochromatiatst with histone markers typical of a
repressed chromatin structure (Knipe and Cliffed&0 This enhanced assembly of hetero-
chromatin, especially in promoters of lytic gengas shown to correlate with the presence of
LAT (Wang et al., 2005b).

LAT was further shown to inhibit apoptosis, thergirpmoting survival of latently infected
neurons (Perng et al., 2000) (Hamza et al., 200).anti-apoptotic effects of LAT are medi-
ated by the inhibition of caspase 8- and caspdasd8:ed apoptosis (Henderson et al., 2002)
as well as inhibition of caspase 3 activation byar@yme B released from CDF cells
(Jiang et al., 2011).

2.2.3.3 Immunological control of latency

Immunosuppression is commonly accepted as a trifereactivation and severe HSV
infection in humans (Montgomerie et al., 1969) @pret al., 1977), thereby implying a role
of the immune system in control of HSV-1. In faatpersisting immune cell infiltration,
together with anti-viral cytokines and chemokinge lIFN-y and TNFe, were described in
latently HSV-1-infected sensory ganglia in micei(@#ld et al., 1995) (Cantin et al., 1995)
(Halford et al., 1996) and also in humans (Theidlet 2003a). Immune infiltrates in latently
HSV-1-infected human TG have been identified tosistrprimarily of CD3 T cells, as well
as some CD68macrophages. The majority of infiltrating immurelis are effector memory
CDS8' T cells, showing markers of recent activation biigens (Derfuss et al., 2007) (Verjans
et al., 2007). Very few CD4T cells can be found in the human TG at all, Ugwsdread only
among the axons (Theil et al., 2003a). In HSV-Intedted TG, only scattered CDJ cells
are present. A strong correlation between infiluigfT cells and latent infection of the TG by
HSV-1, but not varicella-zoster virus (VZV) or humberpesvirus 6 (HHV-6), was demon-
strated (Theil et al., 2003a) (Hufner et al., 20@&)fner et al., 2007).

In the mouse model of latent HSV-1 infection, esgien of Granzyme B is considered as a
marker for HSV-1-specificity, along with ongoingti@ation by chronic stimulation (van Lint

et al., 2005). In humans, some of the CDBcells present in the TG also express
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Granzyme B. However, a substantial number of T@tiafing CDS T cells that show mark-
ers of activation do not co-express Granzyme B f(3eret al., 2007) (Verjans et al., 2007).
Therefore, some T cells might represent unspebifstander T cells, which were attracted by
the inflammatory milieu and entered the TG onlyaaese of their activation status. Entry of
activated but unspecific T cells into the TG hadbeen described in mice (van Lint et al.,
2005).

The T cells present in human TG were shown to hdweally expanded TCH-chains
(Derfuss et al., 2007) and T@®oci (Verjans et al., 2007), pointing towards amtigen-
driven proliferation of these T cells. Moreover,ltated T-cell lines derived from HSV-1
latently infected TG, were reactive against HSVrat@ins (Verjans et al., 2007).

The TG infiltrating T cells in humans are mainlufa to be clustered around neuronal cell
bodies (Derfuss et al., 2007). A peculiarity of¢bd cells is that most of them do not directly
surround LAT neurons. This was also found in mice, where speuasly reactivated
neurons expressing viral proteins were surrounded bells, but most LAT neurons were
found to be free of associated inflammatory céfidman et al., 2002).

The presence of activated CDB cells in the neuronal tissue raises the quesifonhether
MHC class | is expressed by infected neurons. Neuthemselves could present antigen on
MHC class | to T cells, as Neumasanal., 1995 showed inducible expression of MHC class |
on neurons by IFN. On the other hand, neuron stipgosatellite cells could also play a role
in antigen presentation (van Velzen et al.,, 200Q)thermore, HSV-1 lytic infection in
mouse TG was described as inducing MHC class lesgporn on neurons and satellite cells
(Pereira et al., 1994).

The functions of these T cells in HSV-1 latencyédavwostly been studied in the mouse model
of infection. TG infiltrating CD8 T cells were shown to prevent HSV-1 from reactiain
mouse TGex vivo cultures in a dose-dependent, antigen-specificMIHE-restricted manner
(Liu et al., 2000) (Khanna et al., 2003). It waswh that this is mediated by IFN{Liu et

al., 2000) and Granzyme B (Knickelbein et al., 2008e vast majority of TG infiltrating
CD8' T cells in latently infected mice with a C57BL/@retic background were specific for
HSV-1. About 50% of the local CDS8T cells recognise the immuno-dominant epitope
0Buos-s05) (Khanna et al., 2003). The other T cells mostiyognise subdominant epitopes
belonging to early or late gene products expressddre viral DNA synthesis (Sheridan et
al., 2009) (St Leger et al., 2011). It still hasb® resolved which antigen triggers the CD8
T-cell infiltration in latently HSV-1-infected humar G.
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As destruction of neurons is seen very rarely itemiDecman et al., 2005) (Esaki et al.,
2010) and never in humans (Theil et al., 20034ilfrating CD8" T cells apparently do not
release their full cytotoxic capacity. Secretionamiti-viral cytokines, like IFN+ or TNF-,
appears to be the major mode of action of local CD8ells. IFNy was demonstrated to
suppress viral replication immediately after reaation (Cantin et al., 1999) as well as at late
stages (Decman et al., 2005). This was partly nbediby the inhibition of ICPO expression
(Decman et al., 2005). The release of cytolytilmgles by CD8 T cells present in latently
infected TG was, however, also observed. Granzymehi&h normally initiates apoptosis by
cleavage of caspase 3, was shown to degrade ICHdalar-protein required for efficient
viral gene expression (Knickelbein et al., 2008y( 8).

2.2.3.4 Reactivation from latency

The most common trigger for reactivation of latet8V-1 is stress. It has been shown that
psychological stress, either by disruption of tleeia hierarchy within mouse colonies
(Padgett et al., 1998), or by restraint (Bonne&96) (Freeman et al., 2007), induced reacti-
vation in mice by reducing the number and functiitpaf HSV-1-specific CD8 T cells. In
humans, immunosuppression caused by stress alsto lattreased reactivation of HSV
(Sainz et al., 2001).

Glucocorticoids not only reduce T-cell numbers e fTG of mice latently infected with
HSV-1 (Himmelein et al., 2011), but can also retpilgene expression and cause changes in
the chromatin status (Adcock, 2000). This couldl&a activation of viral gene expression.
An influence of the neuronal excitation status o8MWHL viral replication has also been
demonstrated (Zhang et al., 2005). Increased nalextitability inhibited viral replication,
whereas decreased activity of neurons enhancetl repéication. In addition, inhibition of
histone deacetylases, leading to an increase nsdrigption, was shown to enhance reactiva-
tion of HSV-1 from latency (Roizman, 2011). The$servations suggest that reactivation of
HSV-1 might be triggered by signals leading to macrease in transcriptional activity of the
host neuron (Wagner and Bloom, 1997). The moleaukechanism might be that in stressed
neurons, HCF1 is translocated into the nucldtig. (8). If transcriptional activity is also
increased within this neuron, VP& novo synthesis might occur (Thompson et al., 2009),
leading to activation oé-promoters. Subsequently;proteins like ICPO or ICP4 can act as
transactivators of viral gene expression, leadmngamplete reactivation. At this stage LAT-
derived microRNAs or the infiltrating CDS8T cells could still repress viral gene expression

by acting on the transactivatingtranscripts or -proteins. It has been proposed geae
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expression during reactivation, at least in exgdnnouse TG, is not as ordered as in lytic
infection (Tal-Singer et al., 1997) (Du et al., 2D1Presumably, as no sensory loss is associ-
ated with repeated reactivation, no neuronal deatiurs during the release of virus. Infec-
tious virions are transported in an anterogradermmato the initial site of infection, where
HSV-1 infects epithelial or mucosal cells and entie Iytic phase. Apparent lesions are less
frequent than short asymptomatic shedding of thesiMark et al., 2008).

stress

anterograde axonal transport
s AW4 N\

° -

&
:\@ N AN : -

limited viral replication
neuronal death?

Fig. 8 Control of HSV-1 latency and reactivation.

Control of viral latency is believed to be mediatad LAT, infiltrating CD8 T cells, and host cell
factors. In stressed neurons HCF1 is translocatedthe nucleus and, together wié novo synthe-
sised VP16, can activategene expression. LAT and CD§ cells act to repress further viral gene
expression, but if these control mechanisms arerawelimited viral replication takes place. Result
ing viral particles are subsequently transportedigrograde axonal transport to the neuron termini

This process probably does not result in lysiefrierve cell.
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2.3 Objectives

The basic question underlying this study is thathef molecular mechanisms that trigger the
immune response to latent HSV-1 in human TG, aeciidn with limited viral protein
production in a site with minimal immune controhi3 will be addressed from the T cell and
the neuronal perspective in HSV-1's natural sittatgncy, the human TG. The long term aim
of our work is to understand how HSV-1 latency igimained and which molecular triggers
lead to reactivation.

The first aim of this study is to examine the impafdifelong chronic HSV-1 infection on the
TCR repertoire of TG-infiltrating T cells. Previossudies have demonstrated that the TG
infiltrating CD8" T cells show markers of recent activation by &g and are clonally
expanded. To detect expanded T cell clones, CDRBtigtyping was applied to TG of
latently HSV-1-infected individuals. Detection oérmpasive T-cell clones with structurally
homologous or even identical T cell receptors wittiie TG infiltrating T cells would indi-
cate that these T cells share reactivity to sinafargenic epitopes.

The second aim is to investigate what mechanisiaxs e the puzzling observation made in
HSV-1 latency that most neurons expressing LAT e émly prominent transcript during
latency — are free of directly associated T cells] that most T cells are clustered around
LAT™ neurons. It has been described in mice that se@neons contained viral DNA but do
not accumulate LAT to detectable levels. A recenty also showed that LAT encodes
several viral microRNAs, some of which were showmownregulate expression of the viral
a-proteins ICPO and ICP# vitro. Thesea-proteins are required for efficient reactivation
with de novo production of virions. Therefore we hypothesisedt heurons devoid of LAT
contain viral DNA, and that due to the resultingklaf post-transcriptional control by viral
microRNAs, HSV-1a-proteins might be expressed. This potential exgioesof viral proteins
would explain why the infiltrating T cells are ctaged around some neurons and not others.
This will be addressed in the current study by cminlg LAT in situ hybridisation and
immunohistochemistry for T cells with subsequengk cell analysis of laser microdissected

neurons for the presence of viral DNA, microRNAdanRNA.
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3 Results

This cumulative thesis consists of two acceptedigations. In the following results section,
these publications are included and the contrilbbutibthe author to the respective publica-
tions is indicated. All publications of the autharcluding those which are not included in

this thesis, are listed separately (list of pubiarss; chapter 7).
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3.1 Clonal expansions of CDS8T cells in latently HSV-1-infected human

trigeminal ganglia

Held K, Eiglmeier I, Himmelein S, Sinicina |, Brandt Thd&il D, Dornmair K, Derfuss T
(2011) Clonal expansions of CD8+ T cells in latgndSV-1-infected human trigeminal
ganglia. J Neurovirol., DOI 10.1007/s13365-011-0967

The author of this doctoral thesis contributed teld#t al. (2011b) by performing CDR3
spectratyping as well as all immunohistochemicaihgtgs, by carrying out data analysis and

by writing major parts of the manuscript.

Fig. 9: T cells surrounding a neuron.

Anti-CD3 immunohistochemistry (green) on a 10 prozén TG section. The red signal

originates from lipofuscin. Scale bar, 50pum.
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Abstract Herpes simplex vitus type 1 latency in trigeminal
ganglia (TG) is accompanied by a chronic immune cell
infiltration. The aim of this study was to analyse the T-cell
receptor P-chain repertoire in latently HSV-1 infected hu-
man TG. Using complementarity-determining region 3
spectratyping, 74 expanded -chain sequences were identi-
fied in five TG. No clone appeared in more than one subject.
Similar clones were present in the right and the left TG of
two subjects. This indicates that these T cells are primed in
the periphery and recognise the same antigen in the TG of
both sides.
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Introduction

Herpes simplex virus type 1 (HSV-1) is a double-stranded
DNA virus, which, after productive infection of the mucosa,
enters the local nerve endings and establishes lifelong latency
in the sensory neurons of the frigeminal ganglia (TG)
(Baringer and Swoveland 1973). The only prominent viral
transeript during latency is the latency-associated franscript
(LAT) (Stevens et al. 1987). Other viral transcripts are only
expressed on a very low level during latency in human TG
(Derfuss et al. 2007). Nevertheless, HSV-1 latency in human
TG is accompanied by a prominent immune response (Theil et
al. 2003). Most of the infiltrating immune cells are CD8™ T
cells which are key players in the control of viral infections.
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These CDB™ T cells are believed to control the latency state of
HSV-1 in an antigen-specific, T-cell receptor (TCR }mediated
and non-cytolytic manner as shown in the mouse model
(Knickelbein et al. 2008). In mice, most TG infiltrating
CD8' T cells are specific for HSV-1 with about 50% recog-
nising a specific epitope on HSV-1 glycoprotein B (Khanna et
al. 2003; St Leger et al. 2011). The specificity of T cells
infilirating human TG remains to be elucidated.

The TCR is a heterodimeric cell surface protein, consist-
ing of one o and one 3 chain. Each of these chains is
composed of a variable (V), a joining (J) and a constant
(C) region. The B chain further contains a diversity (D)
region in between the V and the J region. During rearrange-
ment of the TCR o and {3 chains, random nucleotides are
inserted or deleted by the nucleotide transferase at the V-
(D)-J junctions, thereby generating a hypervariable region,
termed complementarity-determining region 3 (CDR3).
Recognition of antigenic peptides bound to major histocon-
patibility complex (MHC) molecules is mediated by three
CDRs. Two CDRs are germline-encoded. The main contri-
bution to recognition of the antigenic peptide, however,
comes from the hypervariable, non-germline-encoded
CDR3 loop. Because random nucleotides are inserted at
the CDR3, CDR3 lengths of different T-cell clones may
vary from zero to more than ten amino acids. CDR3 lengths
of polyclonal T-cell populations follow a Gaussian distribu-
tion, whereas the outgrowth of particular clones is indicated
by a preferred CDR3 length. CDR3 spectratyping is a PCR-
based method that measures the length distributions of the
chains. It allows the analysis of TCR repertoire diversity and
the identification of prominent clones (Pannetier et al.
1995). Here, we applied CDR3 spectratyping of TCR 3
chaing to T-cell infiltrates in several human TG to analyse
the local T-cell repertoire and to search for public T-cell
clones, shared between individuals.

Results

Prominent T-cell infiltrates in latently HSV-1 infected
human TG

To verify the correlation between HSV-1 latency and the
infiltration of T cells into the TG, ganglia sections were
stained for CD3 and the HSV-1 or VZV infection state
was determined by nested PCR. Immunohistochemical
staining of the human TG sections revealed higher numbers
of infiltrating T cells in TG positive for HSV-1 by nested
LAT RT-PCR. The two LAT negative cases showed signif-
icantly lower numbers of T cells in immunohistochemistry
(Fig. la, b). On average, the number of CD3" T cells in
latently HSV-1 infected TG was 39.54 cells per 0.1 mm?®,
whereas uninfected TG only contained 11.64 cells per

0.1 mm” (Fig. Ic and Table 1). There was no statistically
significant difference in the T-cell counts between VZV
infected vs. uninfected TG (p>0.05 Mann—Whitney U test)

(Fig. la—<).

Clonally expanded T-cell populations in latently infected
human TG

TG of four subjects were analysed by CDR3 spectratyping
(subjects 01 to 04). For two individuals, TG of both sides
were assessed (subjects 01 and 03). These TG had well-
preserved RNA, were positive for LAT and showed T-cell
infiltrates. An HSV-1 non-infected TG from subject 04 was
used as a control sample.

CDR3 spectratyping was carried out for each TG. We
used 26 V(3-specific primers combined with 13 JB-specific
primers, which resulted in 338 PCR products per TG. PCR
products were separated on a polyacrylamide gel to obtain
the overall distribution of CDR3 lengths. Mono- or oligo-
clonal expansions are indicated by single peaks over a
polyclonal Gaussian background (Fig. S1 in the Electronic
supplementary material). CDR3 spectratyping revealed 22
single peaks from the right TG and 26 peaks from the left
TG of subject 01. In the one TG analysed from subject 02,
20 peaks were found. In subject 03, 22 peaks from the right
TG and 18 peaks from the left TG were identified. From the
negative confrol, subject 04, 14 peaks were obtained. PCR
products from all obtained peaks were sequenced. Only if
readable sequences were acquired, clones were considered
as expanded.

In all TG, several clonally expanded TCR [ chains
were detected. In total, we identified 74 p-chain sequen-
ces of clonal expansions in the latently infected ganglia
and 10 expanded (3 chains in the negative control (Table
S1 in the Electronic supplementary material). In subject
01, 34 out of 338 possible VPB/J3 combinations showed
clonal expansions. For the other subjects 02 and 03, 15
and 25 out of 338 possible V3/I3 combinations were
clonally expanded. Table 2 shows identical or homolo-
gous amino acid sequences of TCR [ chainsg that were
found in the left and the right TG of subjects 01 and 03.
The clones with homologous CDR3 sequences which
were identified in both ganglia belonged to identical
Vi3 families. The CDR 1 and 2 regions are germline-
encoded within the V gene segments of the 3 chain and
mainly mediate contact to the MHC. TCRs featuring the
same V3 segment already share two of three CDRs and
are therefore more homologous than TCRs with different
V3 segments. The CDR3, which is most relevant for
peptide binding, is either identical or homologous in
the clonally expanded TCRs listed in Table 2. The amino
acids at positions 3 to 3 after the conserved cystein are
considered to play a major role in recognition of the
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Fig. 1 Prominent T-cell infilrates in latently HSV-1 infected hwman
TG, a, b Representative micrographs of latently HSV-1 infected (a)
and uninfected (b) human TG sections stained for CD3 {green). Scale
bar 50 pm. The red signal is autofluorescence of lipofuscin Neurons
are indicated by asterisks. ¢ Numbers of CD3* T cells per 0.1 mm® in

antigen presented by MHC class [ (Rudelph et al. 2006).
Therefore, TCRs with common motifs in these amino
acids recognise similar antigens. Interestingly, in subject
03 for each of the two identical clones occurring in both
TG, homoelogous clones sharing the same VP segment
and amino acids with similar properties in their CDR3
were identified.

An inter-individual comparison of the TCR repertoires
obtained from TG showed that no clone appeared in more
than one subject Hence, all clones were private to each
subject. This difference between individuals reflects the
heterogeneous HLA background, although subjects shared
gsome HLA class I alleles (Table 1). However, in each of the
two individuals where both TG were analysed, two match-
ing clonally expanded TCR B chains were found on each
side. These TCRs not only displayed identical amino acid
sequences, but also identical nucleotide sequences. The
absence of clones shared by other analysed subjects
excludes the possibility that the identical clones in both
TG were detected due to contaminations.
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HSV - HSV + 01 02 03
trigeminal ganglia
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non-infected (blue;, n=2) vs. HSV-1 nfected (red; n=5) TG. Grey bars
show T-cell counts for those TG used for CDR3I spectratyping (01 to
03). Bars depict the range and mean of the T-cell numbers. The grey
{fine indicates the mean T-cell count of H8V-1 negative TG

Localisation of clonally expanded TCRs in human TG

CDR3 spectratyping of RNA isclated from TG analyses
all TCR melecules with no differentiation of CD8™ or
CD4" T cells. However, in latently HSV-1 infected TG
CD8" T cells dominate the immune cell infiltrate (Theil
et al. 2003). To morphologically identify expanded T-cell
clones, sections of TG showing clonal expansions of T
cells within the V1 family were double-stained for V31
and CD8. Clones featuring the V1 chain were present
quite frequently in the TG of subjects 02 and 03. Among
the CD8" T-cell infiltrates surrounding neurens, several
cells expressing the V{31 chain could be identified,
whilst not all T cells surrounding one neuren expressed
the same V{3 chain. Figure 2 shows representative micro-
graphs of subjects 02 and 03 with clusters of CD8" T
cells. Some of these T cells also express the V31 chain.
The vast majority of cells that stained positive for V31
also stained positive for CD8. Moreover, all identified
VB1" T cells were located adjacent to neurons.

Table 1 Overview of tissue

samples used in the present Subject Gender Age HSV-1 VZV CD3"T cells HLA-A HLA-B HLA-C
study
01 m 36 - 236 0101 0801 0304
1501 0701
02 m 41 + 62.7 0101 0801 0602
0301 3701 0701
The HEV-1 and VZV infection 03 m 78 + 292 2402 0801 0701
state plus the average T-cell 1001 4006 1502
count per 0.1 mm? are listed. The
HLA class I alleles expressed by 04 m 62 + 12.5 nd. nd. nd.
the three HSV-1 infected sub- 05 m 36 + 10.7 nd. nd. nd.
jects used for CDR3 spectratyp- g f 17 + 76.9 nd. nd. nd.
ing are lso stated 07 £ 61 - 240 nd. nd. nd.

nd not done, m male, ffemale
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Table 2 Similar and identical 3 chains in the right and left TG of subjects 01 and 03

Subject side | VB NDN JB FU
o1 fight L OPERET TR EEEE YN E S TR EEE] a4 108
01 right 1 CASSYVY AVN TDTQYFGPG 2.3 261
01 left | 1 [cASSV GGP NQPQHFGDG ! 15 |18
01 left 11 CASS LSRTGYV NYGYTFGSG 1.2 723
01 right | 11 | ¢ A s & LSRTGYV NYGYTFGSG 1.2 540
o1 ight | 1.2 L o SQGGH QPQHFGDG - 230
01 left 1132 ¢ &8 LIRS ERE L XGYTFGSG ) 12 | 250
01 right | 23 | c 2 8 8 LRQ SYEQYFGEPG 2.7 303
01 left 23 | ¢c A s s LRQ SYEQYFGPG 2.7 953
03 left 11 CAS WVSsa EQYFGPG 2.7 798
03 right | 11 A S S E v E Q P 2.7 1138
03 left | 11 ASSE IWETG. T GEL] & 22 |19
03 right | 17 | ¢ &2 s & PDRZAG GYTFGSG 1.2 326
03 left 17 | c a2 8 8 PDRAG GYTFGS G 1.2 4686
03 right | 17 i ¢ 2 8 8 PGHL YEQYFGPG 2.7 744

The amino acid sequence of the CDR3 is listed. Peak height is given in fluorescent units (FUs). CDR3 sharing amino acids with similar properties
in positions 3 to 5 after the conserved cysteine are surrounded by dashed lines (i.e. subject 01 V1 position 3: T and 8 are both amino acids with
polar, neutral side chains, sharing similar hydropathy and L. and V in position 2 both possess hydrophobic non-polar, neutral side chains). TCRs
identical in their amino acid structure are surrounded by double-fined boxes

Discussion

We show here, that latently HSV-1 infected human TG show
increased numbers of infiltrating T cells compared to HSV-1
uninfected TG. CDR3 spectratyping of the TCR 3 chain
revealed several clonally expanded T-cell clones with cer-
tain (3 chains. These expansions wete private to the assessed
individuals, and no public T-cell responses could be identi-
fied, even though some HLA alleles were shared between
individuals. However, it might be possible that pacticular
TCR chains from expanded clones that were detected in one
patient were present in other patients, but escaped detection
because they were hidden in the polyclonal background. For
several infections or autoimmune diseases as well as
tumours (Dong et al. 2010; Junker et al. 2007; Schwab et
al. 2009; Skulina et al. 2004; Pellkofer et al. 2009; Puisieux
et al. 1994; Miles et al. 2011) biases in the T-cell receptor
tepertoire were identified. Some of these studies showed
several T-cell clones appearing in different anatomical sites.

A former study examining the TCR usage in HSV-2-specific
CDS8" T cells derived from blood showed a strong bias in the
TCR repertoire with public TCR usage (Dong et al. 2010).
Such pervasive clonal expansions are usually interpreted as
being driven by sustained activation through a persisting
antigen. One could speculate that lifelong exposure to
HSV-1 antigens may shape the T-cell receptor repertoire in
human TG. Infiltrating T cells in latently HSV-1-infected
TG do not seem to exhibit public TCR usage. However,
clones that had homologous or even identical amino acid
sequences could be identified in both TG of two individuals.
T cells with homologous TCRs are likely to respond to
similar antigens. In subject 01 as well as subject 03, two
clones with identical amino acid sequences were detected in
both TG. These were even identical in their nucleotide
sequence, which may suggest that these clones originated
from the same T cell. This T cell probably encountered its
respective antigen in the periphery, proliferated and after-
wards migrated into both TG. HSV-1-specific T cells present
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Fig. 2 Clusters of expanded T
cells in human TG. Representa-
tive micrographs of human TG
sections stained for CD8 (rad)
and V31 {green) from 802 (a, b,
c)and 803 {d. e, f). Cand F arc
enlargements of b and e, re-
spectively. CD8" VB1" T cells
are indicated by whife arrows in
micrographs a, b, d and e. Scale
bars 50 pnL The yellow signal
within the neuwrons originates
from lipofuscin. Neurons are
indicated by asferisks

in human TG could be produced in the periphery during
primary infection, may be also a reactivation event, and
subsequently migrated to the latently infected tissue.

Staining for expanded V3 chains revealed that the ex-
panded T cells mostly belong to the CD8" subset, and that
only some T cells in one cluster surrcunding a neuron share
the same V3 chain. The presence of different clones in T-
cell clusters arcund neurons could indicate that not all T
cells react to the same antigen. Therefore, the TCR reper-
toire present in human TG seems to be more heterogeneous
than in mice. This further suggests that some of the infil-
trating T cells might represent unspecific bystander T cells,
which were attracted by the inflammmatory milieu, like al-
ready proposed by Verjans et al. in 2007. This phenomenon
has also been seen in the mouse model (van Lint et al. 2005)
where both specific and nen-specific T cells persist in gan-
glia harbouring latent HSV-1.

Taken together, our data show that the TCR repertoire of
infiltrating T cells in human TG ig complex and differs
bhetween individuals. However, single identical T-cell clones
can be found in both TG of the same individual, indicating
presence of the same antigen in both TG. The fact that
neuron swrounding T cells are clenally expanded adds
further evidence to the significance of these immune cells
in latency and reactivation.

Material and methods
The Ethics Committee of the Medical Faculty ofthe Ludwig

Maximilian University of Munich approved the use of hu-
man TG autopsy samples. TG of both sides were removed

€] Springer

from seven subjects 6 to 24 h after death. None of the
subjects had any history of neurclogical disorders or an
active orolabial herpes infection. Table 1 lists gender, age,
HSV-1 infection state, T-cell counts and HLA-type of the
TG used in this study. Ganglia were embedded directly after
removal in Jung Tissus freezing medium (Leica Microsys-
tems, Nussloch, Germany) and were stored at —80°C. Fro-
zen sections of 10 um were cut for immunochistochemistry
and mounted on positively charged slides (Superfrost Plus,
Menzel, Braunschweig, Germany). Slides were subsequently
stored at —20°C. RNA and DNA were isclated from ten
30-pm sections.

RNA extraction and HSV-1/VZV PCRs

RNA was extracted using Qiazol (Qiagen, Hilden, Ger-
many) and the miRNeasy Mini Kit (Qiagen). The quality
of the isolated RNA was analysed with an Agilent 2100
Bioanalyzer (Agilent Technelogies, Waldbronn, Germany)
combined with the Agilent RNA 6000p Kit (Agilent Tech-
nelegies). Subsequently, DNA was extracted from the or-
ganic phase. After addition of back extraction buffer and
phase separation by centrifugation, DNA present in the
aquecus phase was precipitated by adding isepropanol.
The DNA pellet was then washed three times with 75%
ethanol and selubilised with water.

To assess the HSV-1 infection state of the TG, a nested
LAT RT-PCR was done as described before (Derfuss et al.
2007). Furthermore, the VZV infection state was specified
by nested PCR for the ORF 63 (Outer: 5-CGCACTGGAATGT-
GACGTAT, 3-"TCCCOGTCTCGATAACAATC, inner: 5-TGAA-
GACGATAGCOGACGATG, 3-CCCGTCTGGTTCACAAGAAT).
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Imumunohistochemistry

Immunohistochemistry was performed for CD3, CD8 and
V1. CD3 was detected using the polyclonal rabbit anti-
human CD3 antibody (1:500; Dako Cytomation, Glostrup,
Denmark) and visualised with a biotinylated goat anti-rabbit
immunoglobulin antibody (1:100; Dako Cytomation),
followed by Cy2-labelled streptavidin (1:100; Dianova,
Hamburg, Germany) or HRP-conjugated streptavidin
(1:100; Dako Cytomation) and incubation in DAB (Dako
Cytomation). A dual staining for CDE& and V(31 was
conducted using the LT® mouse anti-human CD8e antibody
(1:530; AbD Serotec, Diisseldotf, Germany) labelled with
Cy3 (FluoroLinkTM MADb Cy3 labelling kit, Amersham
Biosciences, Buckinghamshire, England) and the FITC-
labelled V31 BL37-2 antibody (1:25; Immunotech,
Marseille, France). The V31 signal was enhanced with an
anti-FITC Alexa Fluor 488 labelled secondary antibody
(1:100; Invitrogen, Karlsruhe, Germany). Antibodies to other
V3 families prominently expanded in the assessed TG were
either not available or did not give reliable staining results.
Stained sections wete analysed by confocal imaging.

To obtain numbers of infiltrating CD3™ T cells, five
randomly selected fields of view (0.123 mm?) were counted
with an objective of *20. Data were statistically analysed
using Microsoft Excel 2003 and GraphPad Prism 5.

CDR3 spectratyping

The CDR3 lengths of TCR 3 chains were analysed by
CDR3 spectratyping as described before (Junker et al.
2007; Schwab et al. 2009). In brief, cDNA was reverse-
transcribed using a Cp-specific primer and SuperScript T
reverse transcriptase (Seitz et al. 2006). For increased sen-
sitivity, a semi-nested TCR V3 gene family-specific PCR
with 25 V3-specific (Monteiro et al. 1996) and two different
Cp-specific primers (SpTy-3-out (Junker et al. 2007) and
Cp-reverse (Monteiro et al. 1996)) was carried out followed
by a subsequent runoff reaction for every product using
fluorescence-labelled J3-specific primers (Puisicux et al.
1994). The obtained PCR products were separated by elec-
trophoresis according to their CDR3 length on an ABI377
DNA sequencer (Applied Biosystems, Darmstadt, Ger-
many). Mono- or oligoclonal expansions appear as peaks
of certain CDR3 length over a Gaussian background of
polyclonal T cells (Fig. S1 in the Electronic supplementary
material). Peak height is measured in fluorescent units (FU),
the relative signal intensity. Higher rumbers indicate more
prominent clonal expansions. Peaks over 180 FU were
considered as an actual aberration from the polyclonal back-
ground. Finally, V3-T3 amplification products of expanded
clones were reamplified and directly sequenced. Only

clones for which we obtained a readable sequence were
considered as clonally expanded.

The V3 nomenclature described in Arden et al. (1993) is
used throughout this maruscript. The subjects chosen for
spectratyping were HLA typed by the Labor fiir mmunge-
netik und Molekulare Diagnostik, Munich, Germany.
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Supplementary material

Table S1 All expanded B-chains obtained from the TG used in this study.

Amino acid sequences of CDR3 are listed. Peak height is given in fluorescent units

(FU). Subjects 01 to 03 tested positive for HSV-1. Subject 04 testing negative for

HSV-1 served as negative control.

Subject side |V NDN JB FU
ACO01 R 1 CAS TLTGGAG YNEQFFGPG 2.1 198
ACO01 R 1 CASSV AV N TDTQYFGPG 2.3 261
ACO01 L 1 CASSYV GGP NQPQHFGDG 15 185
ACO01 L 2 CSAR APGRH EQYFGPG 2.7 184
ACO01 L 3 CAS RAGTGD NEKLFFGSG 1.4 195
ACO01 R 3 CASS FPGTS TDTQYFGPG 2.3| 1801
ACO01 L 51 CASSL GEGG SYEQYFGPG 2.7 544
ACO01 L 52 CASS DRGQ SPLHFGNG 1.6 368
ACO01 L 52 CASS PQRG EKLFFGSG 1.4 310
ACO01 L 52 CASSL ARGLRAS TDTQYFGPG 2.3 745
ACO01 L 52 CASSL GD NQPQHFGDG 15 542
ACO01 L 11 CAS RTAG TGELFFGEG 2.2 220
ACO01 L 11 CAS S LSRTGV NYGYTFGSG 1.2 723
ACO01 R 11 CAS S LSRTGV NYGYTFGSG 1.2 540
ACO01 L 11 CASSE Y P YEQYFGPG 2.7 568
ACO01 R [181 CAS FPPGGYV SYNEQFGXG 2.1 230
ACO01 R [181 CAS RNGG NQPQHFGDG 15 213
ACO01 L [13.1 CAS SLGEG NEQFFGPG 2.1 266
ACO01 R |[182 CAS SPSQGGH QPQHFGDG 15 239
ACO01 L |[132 CAS TWSGRS YGYTFGSG 1.2 250
ACO01 L 14 CAS RPLGQGS QPQHFGDG 15 210
ACO01 L 14 CAS S | SGGLD YEQYFGPG 2.7 485
ACO01 R 14 CAS S LLQG NYGYTFGSG 1.2| 1046
ACO01 R 17 CAS S APGQS YEQYFGPG 2.7| 1469
ACO01 L 17 CAS S STGGDP SYEQYFGPG 2.7 675
ACO01 L 18 CAS S PTGDG EQYFGPG 2.7 450
ACO01 R 20 CA WS GPVSVGTYV TDTQYFGPG 2.3 312
ACO01 R 21 CAS S LGTGD TDTQYFGPG 2.3| 1888
ACO01 L 22 CASS DMGP GYTFGSG 1.2 520
ACO01 L 22 CASS GPSEI EQFFGPG 2.1 350
ACO01 R 23 CASS LRQ SYEQYFGPG 2.7 303
ACO01 L 23 CASS LRQ SYEQYFGPG 2.7 953
ACO01 R 23 CAS S L WTED TEAFFGQG 1.1 420
ACO01 R 23 CAS S NPLAGYV TDTQYFGPG 2.3 453
ACO02 R 1 CASSYV GGG EQYFGPG 2.7 650
ACO02 R 2 CSA I PI TGPH EQYFGPG 2.7 560
ACO02 R 2 CSA PQGA EQFFGXG 2.1 540
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ACO02 R 3 CAS TYLDRP YEQYFGPG 2.7 800
ACO02 R 3 CASS TYPLAEVPTT YNEQFFGPG 2.1 260
ACO02 R 51 CASS FRAGTSRST NEQFFGPG 2.1 330
ACO02 R 51 CASSL SPP NTEAFFGQG 11 160
ACO02 R 52 CASSL VQGD TGELFFGEG 2.2 240
ACO02 R 11 CASSE STGSLA PQHF GDG 15 425
ACO02 R |[13.1 CA SGTGY YGYTFGSG 12 500
ACO02 R |[131 CASSY DG STDTQYFGPG 2.3 630
ACO02 R 14 CASS DRTGS EQFFGPG 2.1 260
ACO02 R 14 CASS SSGTA YGYTFGSG 1.2 210
ACO02 R 22 CASSE MT A YEQYFGPG 2.7 880
ACO02 R 22 CASSS YI EPTG NSPLHFGNG 16| 2930
ACO03 L 1 CASS AQGTGKPR EQYFGPG 2.7 587
ACO03 L 1 CASS PPGQGTLGA EAFFGQG 11 250
ACO03 R 3 CASS HRGG | EQYFGPG 2.7 286
ACO03 R 51 CASS R D FYNEQFFGXG 2.1 256
ACO03 L 8 CAS RNDRE EQYFGPG 2.7| 1582
ACO03 L 11 CASSE WV S GS EQYFGPG 2.7 798
ACO03 R 11 CASSE WV S GS EQYFGPG 2.7| 1138
ACO03 L 11 CASSE YWGT G TGELFFGEG 2.2 191
ACO03 L |[132 CAS S NRAAGEY TQYFGPG 2.3 941
ACO03 R |132 CAS S PPPG DTQYFGPG 2.3| 1673
ACO03 L |132 CASS RTRQFA NTGELFFGEG 2.2 323
ACO03 R 14 CASS I P NTGELFFGEG 2.2 304
ACO03 L 14 CASS QGDSS NEQFFGPG 2.1 843
ACO03 R 14 CASS STGFY YEQYFGPG 2.7 729
ACO03 R 17 CAS S PDRAG GYTFGSG 12 326
ACO03 L 17 CAS S PDRAG GYTFGSG 1.2 466
ACO03 R 17 CAS S PGHL YEQYFGPG 2.7 744
ACO03 L 18 CASSP WERTG SYEQYFGPG 2.7 558
ACO03 R 20 C A STLQP YNEQFFGPG 2.1 207
ACO03 R 20 CA W NPGI G QPQHFGDG 15 220
ACO03 L 20 CA WS PGWTSG TQYFGPG 2.3| 1359
ACO03 R 20 CA WS PNRAD YGYTFGSG 12 371
ACO03 L 20 CA WSV Q NYGYTFGSG 12 594
ACO03 L 21 CASSL GQGAS SYNEQFFGPG 2.1 271
ACO03 L 22 CASSE SGKRI S GYTFGSG 1.2 270
ACO04 L 1 CAS VRAT STDTQYFGPG 2.3 630
AC04 L 51 CASS PGQGG NQPQHFGDG 15 320
AC04 L 8 CASS I KTGRG GKLFFGSG 14 240
ACO04 L 8 CASS PPSAGSL GV EAFFGQG 11 180
ACO04 L 11 CAS S GQGWG TEAFFGQG 11 560
AC04 L |[131 CA S S VSSGMN TDTQYFGPG 2.3 460
AC04 L 14 CAS S FGTGE GYTFGSG 12 600
ACO04 L 14 CAS S GGTGG NQPQHFGDG 15 480
ACO04 L 20 CA W TWSSGL YNEQFFGPG 2.1 180
AC04 L 23 CASSL RRGQ POQHFGXG 15 280
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Fig. S1 Micrograph showing a representative DNA sequencer gel.

PCR products separated on this gel stem from subject 04, the negative control, in
which mono- (orange arrow) or oligoclonal expansions (pink arrow) appear as peaks
of certain CDR3 length over a Gaussian background of polyclonal T cells (white
arrow). PCR products from VB-JB amplification were applied to lanes 1 to 30,

whereas in lanes 31 to 36 VB-CB PCR products were separated.
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3.2 Expression of herpes simplex virus 1l-encoded mik&RK in human

trigeminal ganglia and their relation to local Titaefiltrates

Held K, Junker A, Dornmair K, Meinl E, Sinicina I, Brandt Theil D, Derfuss T (2011)
Expression of herpes simplex virus 1-encoded mikk&&in human trigeminal ganglia and
their relation to local T-cell infiltrates. J VirolB5, 9680-9685

The author of this doctoral thesis contributed teldHet al. (2011a) by conducting most
experiments except microRNA quantitative polymeretsain reactions (PCR) and the immu-
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Herpes simplex type 1 (HSV-1) is a neurotropic virus which establishes lifelong latency in human trigeminal
ganglia (TG). Currently, two nonexclusive control mechanisms of HSV-1 latency are discussed: antiviral CD8™"
T cells and viral microRNAs (miRNAs) encoded by the latency associated transcript (LAT). We investigate here
to what extent these mechanisms may contribute to the maintenance of HSV-1 latency. We show that only a
small proportion of LAT* neurons is surrounded by T cells in human TG. This indicates that viral latency in
human TG might be controlled by other mechanisms such as viral miRNAs. Therefore, we assessed TG sections
for the presence of HSV-1 miRNA, DNA, and mRNA by combining LAT i# situ hybridization, T-cell immuno-
histochemistry, and single cell analysis of laser-microdissected sensory neurons. Quantitative reverse tran-
scription-PCR (RT-PCR) revealed that LAT™ neurons with or without surrounding T cells were always positive
for HSV-1 miRNAs and DNA. Furthermore, ICP{} mRNA could rarely be detected only in LAT* neurons, as
analyzed by single-cell RT-PCR. In contrast, in LAT™ neurons that were surrounded by T cells, neither
miRNAs nor the DNA of HSV-1, HSV-2, or varicella-zoster virus could be detected. These data indicate that
the majority of LAT™ neurons is not directly controlled by T cells. However, miRNA expression in every latently

infected neuron would provide an additional checkpoint before viral replication is initiated.

Herpes simplex virus type 1 (HSV-1) is a human herpesvirus
with a specific tropism for sensory neurons. After a primary
infection of the oral cavity, the virus migrates along the axons
of the trigeminal nerve to reach the cell bodies of sensory
neurons within the trigeminal ganglion (TG), where it estab-
lishes life-long latency (1, 20). This latent state is characterized
by the expression of only one prominent viral transcript, called
latency-associated transeript (LAT). It accumulates in the nu-
clei of the infected neurons, where it can easily be visualized by
applying in site hybridization (21). In addition, there is evi-
dence from animal models (3, 4, 7, 13, 17) and also from
human postmortem studies (6) that viral immediate-early
genes are expressed at very low levels during viral latency.

Latent HSV-1 infection in human TG is accompanied by
immune cell infiltrates that are mainly composed of CD8% T
cells (23). This mfiltration has previously been seen m TG of
latently infected mice (16), where it has been demonstrated
that most of the local CD8" T cells are specific for HSV-1 and
can block the virus from reactivation (11, 15, 19). This protec-
tive effect of T cells could be mediated partly by gamma inter-
feron (5, 14). Moreover, granzyme B produced by local CD8"
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T cells was shown to degrade the HSV-1 immediate-early pro-
tein ICP-4 in vitro (12). Since this viral protein is important for
viral replication, lack of ICP-4 might stop reactivation of
HSV-1 at a very early stage. Interestingly, the local granzyme
B production was not accompanied by neuronal apoptosis. The
CD8" T-cell effector functions were demonstrated in ex vivo
cultures of mouse TG (12, 15). It was also found in humans, the
natural host of HSV-1, that CD8" T cells isolated from HSV-1
latently infected human TG proliferate in reaction to protein
derived from HSV-1 (29). Furthermore, HSV-1-positive hu-
man ganglia show an increased expression of mflammatory
cytokines (6, 23). The infiltrating CD8" T cells also express
chemokine receptors and show features of clonal expansion,
indicating an antigenic stimulus as the cause of the local T-cell
proliferation (6).

LAT is believed to play a role in the establishment and
maintenance of latency (3, 25) and reactivation (9, 18), but
thus far no LAT-derived protein has been found. Recently, it
has been shown that HSV-1 encodes several microRNAs
(miRNAs), some of them originating from the LAT region (10,
26, 27). The discovery that HSV-1-encoded miRNAs have a
regulatory capacity for viral genes helps to show how the virus
itself might control its latency state. Two of these miRNAs
were shown to reduce expression of the immediate-early pro-
teins [CPO and [CP4 in vitro (26), thereby potentially inhibiting
viral reactivation from latency since these two immediate-early
proteins are known to be major transactivators for viral gene
expression. Further, ICP34.5, a neurovirulence factor (2), is a
potential target for other viral miRNAs. [n this way, LAT-
encoded miRNAs may facilitate the establishment and main-
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TABLE 1. Tissue sample overview used in the present study with
alphaherpesvirus infection state®

Presence (+) or absence (-) of:

Subject  Gender  Age (yr)*  Tissue
HSV-1latency  VZV latency
1 F 52 TG + +
2 M 12 TG + -
3 F 85 TG + ND
4 F 71 TG + +
5 M 39 TG = -
6 5 wks FG - =
7 5 whks FG - -
8 M 56 TG + +
9 M 77 TG - +
10 F 80 TG + +
11 M 62 TG - +
12 F 61 TG A -
13 M 41 TG =4 -
14 M 78 TG + +
15 M 36 TG - -
16 F 22 TG - +
17 M 35 TG - +
18 M 34 TG + +
19 F 17 TG + -
20 M 29 TG — -

“F, female; M, male; TG, trigeminal ganglia; FG, facial ganglia; ND, not done.
* Expressed in years except as noted.

tenance of latency. The presence of the HSV-1-encoded miRNAs
has been described in whole RNA from lytic infected cells and
also latently infected mouse and human TG (27).

We hypothesized that by downregulating viral proteins,
which may be potential viral candidate antigens for the infil-
trating T cells, the viral miRNAs may reduce recruitment of
antiviral CD8" T cells to infected neurons. Therefore, we
assessed single laser-microdissected neurons for the presence
of viral miRNA in relation to LAT expression and immune cell
infiltrates using a combination of in situ hybridization, immu-
nohistochemistry, and quantitative reverse transcription-PCR
{qRT-PCR). This concomitant analysis of viral miRNAs, LAT,
viral DNA, viral mRNA, and T cells on the single-cell level
helps to clarify to which proportion the viral miRNAs and host
T cells may contribute to the maintenance of HSV-1latency in
human TG.

MATERIALS AND METHODS

The Ethics Committee of the Medical Faculty of the Ludwig Maximilian
University of Munich approved the use of autopsy samples for the present study.
TG of both sides were removed from 16 subjects 6 to 24 h after death. None of
them had lesions suggestive of an active orolabial herpes infection or a history of
cranial nerve disorders. Gender, age, and alphaherpesvirus infection state are
listed in Table 1. Ganglia were embedded immediately in Jung tissue freezing
medium (Leica Microsystems, Nussloch, Germany) and subsequently stored at
—80°C. Frozen sections (10 pm) were cut and mounted on positively charged
slides (Superfrost Plus; Menzel, Braunschweig, Germany) for immunohisto-
chemistry or on membrane-covered PET slides (Zeiss, Jena, Germany) for laser
catapulting microscopy (LCM). Slides were subsequently stored at —20°C or at
—80°C, respectively. Further, 10 30-pm tissue sections were collected for RNA
extraction. Paraffin sections (4 wm) on positively charged slides were prepared
from several TG after fixation in 4% buffered paraformaldehyde for 24 h and
paraffin embedding.

In situ hybridization and immunohistochemistry, The 25-bp oligonucleotide
probe (Dig-LAT probe [5-CAT AGA GAG CCA GGC ACA AAAACA C-3')
used for the detection of the LAT was synthesized and labeled with digoxigenin
(Burofins MWG Synthesis GmbH, Ebersberg, Germany). An in situ hybridiza-
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tion for LAT, followed by CD3 immunohistochemistry, was carried out on TG
sections as described previously (6, 22, 24). The polyclonal rabbit anti-human
CD3 antibody (Dako Cytomation, Glostrup, Denmark) was detected by using a
biotinylated goat anti-rabbit immunoglobulin antibody (Dako Cytomation), fol-
lowed by Cy2-labeled streptavidin (Dianova, Hamburg, Germany) or horseradish
peroxidase (HRP)-conjugated streptavidin (Dako Cytomation) and incubation in
diaminobenzidine (DAB; Dako Cytomation).

The frequency of different T-cell neuron interaction patterns was assessed in
paraffin sections and cryosections of 19 TG. These sections were concomitantly
stained for LAT and CD3. The frequencies of the different T-cell neuron inter-
action patterns were analyzed by counting all of the neurons of one TG section
under the microscope. To confirm the consistency of the pattern, five consecutive
sections were stained for LAT, as well as CD3, and analyzed.

Varicella-zoster virus (VZV) latency was determined by staining TG sections
for the VZV protein 62 as described in a previous study (23). In brief, frozen TG
sections wete incubated with the anti-VZV immediate-carly gene 62 antibody
(Chemicon [Millipore], Billerica, MA). Subsequently, the antibody was detected
with a biotinylated rabbit anti-mouse immunoglobulin antibody (Dako Cytoma-
tion), followed by HRP-conjugated streptavidin (Dako Cytomation) and incu-
bation in DAB (Dako Cytomation).

HSV-1 miRNA expression in hnman TG. Total RNA was isolated from human
ganglia with Qiazol (Qiagen, Hilden, Germany) and subsequently purified using
an miRNeasy minikit (Qiagen).

For LCM, the tissue was covered with n-propanol to prevent drying and to
inhibit RNase activity, and immediately transferred to a PALM Microbeam-Z
microscope. Neurons meeting our criteria (positive or negative i sitw signal for
LAT; positive or negative for local CD3 T—ell clusters) were marked electron-
ically. After evaporation of the n-propanol, five marked neurons were microdis-
sected and laser pressure catapulted into single reaction tubes, which were
immediately stored on dry ice. After microdissection of the neurons, it was
visually verified that all five neurons wete actually captured.

RNA from five pooled LCM cells per sample was prepared with a combi-
nation of the miRNeasy minikit and an RNeasy microkit (Qiagen). miRNAs
were transcribed using a TagMan miRNA reverse transcription kit (Applied
Biosystems, Darmstadt, Germany) and miRNA specific stem-looped primers
(26). These stem-looped primers bind to the miRNAs and generate a longer
c¢DNA transcript in the RT reaction, which can easily be amplified in a normal
gPCR.

qPCR was performed on the ABI 7900 (Applied Biosystems) using the
qPCR core kit and uracyl N-glycosylase (both from Eurogentec, Cologne,
Germany). Primers and probes for (PCR were designed as described recently
(26). The total amount of transcribed RNA equivalent used per PCR was 0.8
ng. The miRNA let7a was used for normalization with the AC - method (26).

Viral DNA in single nevrons. DNA was extracted from five pooled microdis-
sected neurons or T-cell infiltrates as described before (31). The copy numbers
for HSV-1, HSV-2, or VZV DNA in single neurons were determined on the ABI
7900 cycler (Applied Biosystems) using an Artus HSV-1/2 PCR kit or an Artus
VZV PCR kit (both from Qiagen), respectively. The mean efficiencies of the
PCRs ranged between 96 and 105%. Titration of viral DNA revealed that 10
copies could be detected with a 100% recovery.

HSV-1 ICP) mRNA expression in single newrons. First, cDNA of whole TG
was analyzed for the expression of ICP0 by nested PCR as described previously
(6). Only positive TG were used for microdissection.

To preserve mRNA, membrane-covered PET slides (Zeiss, Jena, Ger-
many) were stained for 5 min with a Cy3-labeled anti-CD§ antibody (clone
LTS [AbD Serotec, Dusseldorf, Germany] and the Cy3 MAD labeling kit [GE
Healtheare, Chalfont St. Giles, United Kingdom]). Neurons surrounded by
CD8™ T cells were microdissected and immediately stored on dry ice. To
obtain sufficient amounts of mRNA, five neurons were pooled. For each of
the pools, a multiplex nested LAT and ICP0) PCR was performed as previ-
ously described (6). The first round of amplification was carried out in one
reaction tube for both products, whereas in the second round of PCR LAT
and ICP0 were amplified separately. ¢cDNA from HSV-1-infected Vero cells
was used as a positive control. PCR products were separated by using a 2%
agarose gel. The identity of the PCR products was verified by sequencing,.

Statistics. Statistical analysis was performed by using GraphPad Prism 5 and
Microsoft Office Excel 2003, When Gaussian distributions of results were given,
the two-sided Student ¢ test was used. The results without Gaussian distributions
wete analyzed by the Mann-Whitney U test. Differences with a P value of 0.05
were considered statistically significant.
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FIG. 1. (A) LAT in situ hybridization (dark nuclear staining) and anti-CD3 immunohistochemistry (brown surface staining) on a 4-pum paraffin
section of human TG. All four different T-cell neuron interactions are depicted in this micrograph. Scale bar, 50 um. (B) Percentage of neuronal
patterns in latently HSV-1 infected human TG with range. The values are given as means * the SEM of the total neurons of one TG section. All
bars exhibit highly significant differences (Student ¢ test: P < 0.005). (C) Percentage of neurons surrounded by T cells in latently HSV-1- or
VZV-infected TG versus noninfected human TG. The difference in the percentage of neurons surrounded by T cells in latently HSV-1-infected
ganglia versus non-HSV-1-infected ganglia is significant (Student ¢ test, P = 0.001), whereas this is not the case with VZV-infected versus

noninfected ganglia (Student ¢ test, P = 0.472).

RESULTS

Frequency of different T-cell neuron interaction patterns.
Four different T cell neuron interactions can be envisioned:
(i) LAT-positive neurons that are surrounded by T cells, (ii)
LAT-positive neurons that are not surrounded by T cells,
(iii) LAT-negative neurons that are surrounded by T cells,
and (iv) LAT-negative neurons that are not surrounded by T
cells (Fig. 1A). To quantify the different T-cell neuron
interaction patterns, all neurons in one TG section of 19
different ganglia were counted. Only 0.15% = 0.04%
(mean * the standard error of the mean [SEM]) of neurons
showed a LAT hybridization signal and were surrounded by
T cells. The majority of the LAT™ neurons, 1.13% * 0.17%
of the total neurons, were not surrounded by T cells. This
means that only 13.16% of all LAT" neurons were sur-
rounded by T cells. Furthermore, 3.88% =+ 0.49% of the
neurons of one TG section showed surrounding T-cell infil-
trates, although they were negative for LAT by in situ hy-
bridization (Fig. 1B). Examination of consecutive sections
showed the same frequencies of the different T-cell neuron
interaction patterns. It is widely accepted that HSV-1 is the
trigger for the infiltration of immune cells into the TG, but
VZV is also known to establish latency in the sensory neu-
rons of the human TG. To test the hypothesis that the T

cells infiltrate the TG due to HSV-1 and not VZV, the
occurrence of neurons surrounded by T cells was compared
between latently HSV-1-infected and noninfected TG and
latently VZV-infected and noninfected TG. HSV-1-infected
TG show significantly higher amounts of neurons sur-
rounded by T cells than HSV-1-negative TG (Student ¢ test:
P = 0.001). This is not the case for VZV (Fig. 1C). The
percentage of LAT™ neurons overall also correlated with
the percentage of neurons surrounded by T cells, meaning
that TG with a high percentage of LAT™ neurons usually
also exhibited more T-cell infiltrates (P = 0.0045, /* =
0.4095). In TG negative for latent HSV-1, only scattered T
cells were present.

HSV-1 miRNA expression in human TG. In the present
study we examined 10 human TG from five subjects for the
expression of HSV-1 miRNAs. Three subjects were latently
HSV-1 infected, and two subjects were HSV-1 negative as
determined by LAT in situ hybridization. In addition, two facial
ganglia (FG) of two different HSV-1-negative cases were also
assessed in the present study. The 10 TG and two FG were
screened by qPCR for the expression of five HSV-1-encoded
miRNAs (H2-3p, H3, H4-3p, H4-5p, H5, and H6). The results
were normalized against miRNA let7a levels. All assessed
miRNAs were present in the latently infected TG, except for
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FIG. 2. Expression of HSV-1 miRNAs in latently HSV-1-infected
versus noninfected human TG. The expression of the viral miRNAs is
shown in %o let7a (median with interquartile range), a human house-
keeping miRNA. All LAT*® TG show expression of viral miRNAs,
whereas hardly any expression is seen in LAT™ TG. The difference in
the viral miRNA expression of latently HSV-1-infected versus nonin-
fected TG is statistically significant for the miRNAs H2-3p, H4-3p,
H4-5p, and HS (P < 0.05 [Mann-Whitney U test]).

miRNA H3 in one subject (Fig. 2). The two FG from HSV-1-
negative cases showed results comparable to those for the
HSV-1-negative TG.

HSV-1 miRNA expression in single neurons. On the cellular
level of the TG it becomes apparent that only a minority of
latently infected neurons are surrounded by T cells. Differen-
tial expression of viral miRNAs might contribute to this find-
ing. Higher levels of viral miRNAs may lower the amount of
viral antigen presented to T cells due to their ability to block
transcription of immediate-early genes (26).

Therefore, we analyzed the expression of viral miRNAs in
single neurons using a combination of in situ hybridization,
immunohistochemistry, and LCM, followed by qPCR. Thus,
the expression of viral miRNAs could be analyzed on the
single-cell level in relation to LAT expression and T-cell infil-
tration.

Frozen TG sections were stained for LAT and CD3™ T cells,
and neurons were then extracted by laser microdissection (Fig.
3A to F). Five neurons from each group (LAT™" neurons with
surrounding T cells, LAT" neurons without surrounding T
cells, LAT ™ neurons with surrounding T cells, and LAT ™ neu-
rons without surrounding T cells) were pooled and analyzed by
gRT-PCR for HSV-1 miRNAs. HSV-1 miRNAs were only
expressed in LAT™ neurons and not in LAT™ neurons (Fig.
3G). The expression level of viral miRNAs did not differ in
LAT™ neurons surrounded or not surrounded by infiltrating T
cells (Fig. 3H). In contrast to whole-tissue RNA (Fig. 2), on the
single-cell level miRNA H6 showed an obvious difference in
expression in LAT-positive versus LAT-negative neurons (Fig.
3G and H).

No viral DNA in single LAT™ neurons surrounded by T
cells. Since 95.51% of the neurons that were surrounded by T
cells were negative for LAT and did not show any expression of
viral miRNAs, these neurons were screened for the presence
of viral DNA in order to determine the potential trigger for the
immune cell infiltration. LAT" and LAT™ neurons, sur-
rounded or not surrounded by T cells, were microdissected and
assessed for the occurrence of HSV-1, HSV-2, and VZV DNA
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by qPCR. Further T-cell infiltrates that surrounded neurons
were microdissected and analyzed. HSV-1 DNA was only de-
tected in LAT™ neurons and not in LAT™ neurons (Fig. 31).
All of the 12 LAT™ neuron pools were positive for HSV-1
DNA and all of the 16 LAT™ neuron pools were negative for
HSV-1 DNA. There was no obvious difference in the HSV-1
DNA copy number of LAT" neurons surrounded or not sur-
rounded by T cells (P > 0.05 [Mann-Whitney U test]). A broad
distribution in the amount of HSV-1 DNA copies per neuron
was observed (Fig. 31). The HSV-1 DNA copy numbers ranged
from 1 to 558 copies per neuron pool.

Neither HSV-2 nor VZV DNA was present in any of the
neurons (data not shown). Further, no herpesviral DNA could
be found in the T-cell infiltrates, which is in accordance with
the neurotropism of the Alphaherpesviridae (data not shown).

HSV-1 ICP0 mRNA expression in single neurons. To iden-
tify a potential antigenic trigger for the immune cell infiltra-
tion, neurons that were surrounded by CD8" T cells were
analyzed for the presence of the immediate-early gene ICPO
mRNA. ICP0O was chosen because it is a potent activator of
gene expression with functions in reactivation, and it has also
been reported to be present at low levels in latently infected
human TG (6). Therefore, it may be a possible antigenic trig-
ger to infiltrating T cells. Expression of ICP0O was found in
whole RNA from two of six analyzed TG. Frozen sections from
these two positive TG were used for microdissection of neu-
rons surrounded by CD8" T cells. A total of 16 pools of five
neurons each from two different subjects were assessed for the
presence of LAT and ICPO mRNA. LAT transcripts were
amplified from one of the neuron pools. This pool also showed
an ICPO amplification signal. Sequencing confirmed the iden-
tity of the transcripts.

DISCUSSION

The present study aimed at deciphering to what extent
CD8" T cells and viral miRNA are involved in the HSV-1
latency process in human sensory neurons. It has been as-
sumed that CD8" T cells and miRNAs are both implicated in
the control of viral latency (15, 26). Different interaction pat-
terns of these two mechanisms can be proposed: (i) latently
infected neurons need both control mechanisms to keep the
latent state, and (ii) latent infection is controlled in some
neurons by miRNA in the others by T cells. To distinguish
which interaction pattern occurs during HSV-1 latency in hu-
mans, TG were assessed by immunohistochemistry for the
presence of T cells and by in sifu hybridization for the presence
of LAT, followed by laser microdissection of single neurons on
the same histological section. Our investigation demonstrated
that only a minority of the LAT™ neurons were surrounded by
T cells. This is in line with previous findings from the mouse
model and human TG (7, 23, 29). It can be assumed that these
neurons surrounded by T cells represent foci of viral gene
expression beyond the expression of LAT. This is supported by
our demonstration of ICPO and LAT in single neurons that
were surrounded by T cells.

Surprisingly, many LAT™ neurons were surrounded by T
cells. To exclude that this finding is due to an artifact (e.g.,
neurons were not cut at the nuclei level, where LAT accumu-
lates during latency), T cells and LAT were simultaneously
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FIG. 3. Analysis of single neurons. (A to F) Representative micrographs of TG sections on membrane-covered PET slides used for LCM.
Panels A and D show human TG sections stained for LAT by in situ hybridization. The micrographs show a LAT" (“19”) and a LAT~ (“43”)
neuron. Panels B and E show CD3 staining of the same TG sections showing neurons surrounded (“43”) or not surrounded (“19”) by T cells. Panels
C and F show neurons that were microdissected. Magnification, X400. Scale bar, 50 pwm. (G and H) HSV-1 miRNA expression in single neurons.
The results are given in %o let7a (median with interquartile range). In panel G, the expression of viral miRNAs in LAT* versus LAT™ neurons
is shown. Viral miRNAs are only present in LAT" neurons. The difference in the expression of viral miRNAs in LAT* versus LAT™ neurons is
highly significant for all miRNAs (P < 0.001 [Mann-Whitney U test]). In panel H, HSV-1 miRNA expression in LAT" and LAT™ neurons with
respect to T cells is shown. An abundant expression of viral miRNAs was detected in LAT* neurons but not in LAT ™ neurons. There is no obvious
difference in miRNA expression with regard to the T-cell infiltration. (I) Viral DNA in single microdissected neurons. The values are given as
means * the SEM of the HSV-1 DNA copies per neuron. HSV-1 DNA was only detected in LAT " neurons. There is no significant difference
between neurons surrounded or not surrounded by T cells. No HSV-2 or VZV DNA was detected in any of the neurons (data not shown).

stained on consecutive sections. These findings confirmed that
T cells are frequently found around LAT-free neurons (data
not shown). Furthermore, no HSV-1, HSV-2, or VZV DNA
was present in any of the LAT™ neurons, whereas all LAT™
neurons contained HSV-1 DNA. This is in contrast to earlier
studies in humans (31) and mice (reviewed in reference 30)
wherein LAT could be detected by PCR also in neurons that
were found to be negative by in situ hybridization. These con-
tradictory results could be explained by the use of frozen sam-
ples in the present study, a different probe for the in situ
detection of LAT, and possibly a more specific PCR protocol.

It still remains unresolved why T cells surround LAT™ neu-
rons. One explanation could be that these or neighboring neu-
rons were the origin of former herpesviral reactivations. This
would be in line with reports demonstrating that memory T
cells remain resident in the skin long after a resolved HSV-1
infection (8). The local cytokine milieu produced by antiviral T
cells following repeated reactivations of HSV-1 might also
keep other T cells, the so-called bystander T cells, in the

ganglion (28). Finally, it cannot be definitely excluded that
these neurons host other viruses or minuscule amounts of viral
antigen which are not detectable with the techniques applied in
the present study. However, it was shown in animal studies
with LAT-deficient mutants that neurons with low DNA copy
numbers are less likely to reactivate (18). Therefore, a prom-
inent immune response around neurons with only little viral
DNA would not be expected.

Besides immune cells, HSV-1-encoded miRNAs were con-
sidered as an additional control mechanism for viral latency.
Using RNA extracted from whole TG, we observed the expres-
sion of miRNAs H2-3p, H3, H4-3p, H4-5p, HS, and H6 in
latently infected TG. This is in accordance with the results of
Umbach et al. (27). On the single-cell level, we could detect
HSV-1 miRNA exclusively in LAT " neurons. However, there
was no significant difference in the expression of viral miRNAs
in neurons that were or were not surrounded by T cells.

Based on these findings, we propose the following model for
the control of HSV-1 latency in humans: in the majority of
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FIG. 4. Proposed model of latent HSV-1 infection in human TG. (A) In the majority of latently HSV-1-infected neurons miRNA levels and
cellular mechanisms are sufficient to block the virus from reactivation. (B) In a small percentage of latently infected neurons, the equilibrium is
shifted toward viral gene production, and immediate-early proteins get translated. The CD8™ T cells infiltrate and keep the virus in the latent state.
(C) The T cells surrounding LAT™ neurons may be attracted by as-yet-unknown factors (former HSV-1 reactivations, a different virus, or
nonspecific by the inflammatory milieu).

latently HSV-1-infected neurons, cellular and viral control
mechanisms, such as the viral miRNAs, are sufficient to block
the virus from reactivation. In a small percentage of latently
infected neurons, the virus escapes these control mechanisms,
and viral gene expression is initiated. This leads to the presen-
tation of viral antigens on MHC. As a consequence, CD8™ T
cells are attracted as a backup to keep the virus in the latent
state by a noncytolytic mechanism (Fig. 4).
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4 Discussion

To study the TCR repertoire of the T-cell infileatpresent in human TG, CDR3 spectratyp-
ing was applied. Several clonal expansions weradauithin all assessed TG. One finding of
particular note is that identical TCR chains wererfd in the left and right ganglia from the
same individual. This provides direct evidence &ntigen-driven T-cell responses. These
expansions were not shared between individualsgiwban be expected due to the different
HLA haplotypes of the subjects.

Analysis of the distribution of the immune cell iltrhtes amongst neuronal cell bodies
revealed that most LATneurons are not closely associated with T cellstea few neurons
negative for LAT byin situ hybridisation were, however, surrounded by T cdllsis raises
the question of whether these LATeurons surrounded by T cells harbour latent HSV-1
genomes. In mouse TG it has been established thmenmous LAT— neurons containing
HSV-1 DNA are present (Chen et al., 2002a). Ousgme examination of single laser micro-
dissected neurons from human TG showed that onlj+LAeurons actually harbour HSV-1,
indicating a more fundamental role of LAT in hunta8V-1 latency.

Both studies add further knowledge of the roleh&f TG infiltrating CD8+ T cells and viral
transcripts like LAT and microRNAs in the maintenarof HSV-1 latency in its natural host,
the human. Altogether, the results indicate th&ney is tightly controlled by viral and
cellular control mechanisms. The host immune sysianthis case the virus-specific CD8

T cells, only come into action if these mechanismesoverrun.
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4.1 The infiltrating T cells are clonally expanded

To investigate how latent viral infections may shaipe TCR repertoire of the TG infiltrating
T cells, the sequences of hypervariable TCR CDR®rs were analysed (chapter 3.1).
Given that HSV-1 establishes lifelong latency ie gensory neurons and repeatedly reacti-
vates from there, it can be assumed that the hitekxposure to viral antigen has shaped the
TCR usage of the local T cells. Further, as helnpesses are estimated to be 400 million years
old, and HSV-1 and humans have therefore co-exikied very long time, some TCRs
universally reactive to this virus might have ey Such strong biases in the blood TCR
repertoire have been described for herpes simptag type 2 (HSV-2) (Dong et al., 2010) as
well as the human herpesviruses Epstein-Barr EBV) and cytomegalovirus (HCMV)
(Venturi et al., 2008). In the present study, ustigR3 spectratyping, clonally expanded
TCR B-chains were detected in all analysed TG. Evenghadbhe analysed subjects shared
some HLA alleles, however, no public T-cell clomesurring in more than one subject were
identified. Studies analysing the TCR repertoirespnt in the brain of multiple sclerosis
patients showed that distinct T-cell clones appanedifferent anatomical sites (Skulina et
al., 2004) (Junker et al., 2007). Here, the right ahe left TG from two subjects were
screened independently for clonal expansions. Smm®logous clones were found to occur
in both TG. Homologous clones shar@-$egments and further exhibit amino acids with
similar properties in their CDR3. Amino acids insgmns three to five after the conserved
cysteine have been shown to be especially impoftanantigen binding (Rudolph et al.,
2006). The presence of homologous clones indidhtgsthese T cells proliferated to similar
antigenic epitopes. Remarkably, each of the subjom which both TG were analysed,
revealed two identical clones in both TG. Thesaetopresent in the right and the left TG
even shared identical nucleotide sequences, suggesiat they originate from the same
T-cell clone, which was probably primed in the pbaery and subsequently infiltrated both
latently infected TG.

Staining for expanded p/chains in the present study revealed that naifdtie CDS T cells
clustered around a neuronal cell body belong tostmae T-cell clone, indicating different
reactivities in these T-cell clusters. This alsotfitowards an infiltration of the TG by acti-
vated but unspecific bystander T cells. Verjagisal 2007 have also proposed this on the
basis that most T cells present in TG express mafeactivation but only a few co-express
Granzyme B, which is considered as a marker focipiy in mice (van Lint et al., 2005).

Van Lint et al, 2005 further found that initial infiltration ofcivated T cells into latently
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infected mouse TG was independent of T-cell spauifi Infiltration of activated but unspe-
cific T cells to sites with a chronic inflammatamilieu has also been described in rheumatoid
arthritis patients (Scotet et al., 1999). CO8cells reactive against viral proteins deriveair
EBV and HCMV were found to be enriched within imflad joints. In the present study
homologous and even identical clones were detentéue right and the left TG, and thus it
seems likely that these clones were attracted bgifsp antigens expressed in both TG.

On the other hand, in mice latently infected witB\H1, it was shown that almost all local
T cells are reactive against HSV-1-derived antigespitopes (St Leger et al., 2011), with
0Buos-s05)being the immuno-dominant epitope in C57BL/6 micemice the overall immu-
nological control of HSV-1 therefore appears ton@e thorough than in humans. There are
three obvious reasons for this: first, HSV-1 ICRd3tricts MHC class | antigen presentation
less efficiently in mice than in humans (Orr et 2007). Second, rare expression of numerous
viral proteins was found to occur in mouse TG (Redd et al., 2002), but not in humans
(Theil et al., 2003a). Third, laboratory mice ardyoinfected by HSV-1 and do not show an
age-related accumulation of CD§ cells reactive to other viruses like HCMV, a®rsén
elderly humans (Karrer et al., 2009).

Given that the epitopes responsible for triggetmgimmune infiltration into HSV-1-infected
TG in humans have not yet been identified, the ickate antigens of the clonally expanded
TG infiltrating T cells can only be speculated. H%\¢an be considered as the initial trigger,
since a positive correlation between these TGtiafihg immune cells and the presence of
latent HSV-1, but not VZV or HHV-6, could be esighkd (Theil et al., 2003a) (Hufner et
al., 2006) (Hufner et al., 2007) (Arbusow et aD.1@). Also, the two studies presented here
show significantly more T cells in latently HSV-ifécted TG than in TG negative for
HSV-1. Both the number of CD3T cells (chapter 3.1), as well as the number afroes
surrounded by CD3T cells (chapter 3.2), are elevated in latentlyHSinfected human TG.
This was not observed when VZV-infected TG were garad to VZV-uninfected TG. Most
convincingly, Verjanset al, 2007 showed that some T-cell lines isolated fimman TG
were reactive to B cells presenting HSV-1, butWiaYV, antigens.

In humans, it is more feasible to study the redgtinf blood-derived T cells than TG derived
ones. It was shown that human CDehd CDS8 blood T cells differ in antigen-specificity
(Mikloska and Cunningham, 1998). CD# cells, which usually encounter free virus, mpstl
recognised structural viral proteins produced latthe lytic cycle. On the other hand, CD8
T cells mainly reacted to viral proteins producedyein the lytic cycle, therefore being able

to kill virus infected cells before viral replicahi starts. In searching for candidate T-cell
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antigens in human latency, however, it has to msidered that HSV-1 remains almost tran-
scriptionally silent during this period. So far, wioal antigens were found to be expressed in
human TG during latency (Theil et al., 2003a), atnther LAT, the only readily detectable
transcript during latency, encodes for a proteisti a matter of debate (Henderson et al.,
2009). Thea-proteins ICPO and ICP4 might be candidate antigdmsugh, as low level
expression of these genes was detected in sometlyatdSV-1-infected human TG by
Derfuss et al, 2007, as well as in the presentystud

Future work might identify the antigenic epitopes €D8 T cells in latently HSV-1-infected
human TG. This could be done with human TG, obthwvery shortly after death, and there-
fore containing viable T cells. Stable T-cells Brmould be generated from these TG and used
for an exact epitope mapping. Alternatively, tisgufdtrating T cells in close contact with
neurons could be excised from TG sections by laserodissection with subsequent recon-
stitution of the TCR as described in (Seitz et2006). The reconstituted TCR could then be
used to screen for the antigen (Siewert et al.,1POMentification of the TCR repertoire
present in the TG could also clarify whether thactieity of tissue-residing T cells differs
from blood T cells. Further studies might also addrchanges in the human TCR repertoire
occurring with ageing, and therefore prolonged sxpe to latent HSV-1. It further remains
to be resolved whether a single immuno-dominartbppican be identified in humans or if —

as is more likely — the epitopes vary, especiaitypag subjects with different HLA-alleles.
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4.2 Colocalisation of infiltrating T cells and latenSM-1 in human TG

Since it was shown that several herpesviruses stblesh latency in human TG (Liedtke et
al., 1993) (Pevenstein et al., 1999) (Theil et2003b) (Hifner et al., 2007), it is important to
determine which virus triggers the immune infilioat into the TG. So far, a strong correla-
tion between HSV-1 latency and infiltrating T celids been demonstrated for whole ganglia,
and no co-occurrence of immune cells with VZV or WA was found (Theil et al., 2003a)
(Hufner et al., 2006) (Hufner et al., 2007). It wlasther shown that T-cell infiltrates are
localised in the same division of human TG as HS¥téntly infected neurons (Hufner et al.,
2009). In humans, usually infected via the moutk,mandibular and maxillary division were
found to mostly harbour latent HSV-1 as well asellsc In accordance with this, in mice
infected with HSV-1 via the eye, a more prominertell infiltration to the ophthalmic divi-
sion was observed (Khanna et al., 2003). Reactofithhe CD8 T cells from human TG was
demonstrated to HSV-1 but not VZV (Verjans et 2007), which may be the most convinc-
ing argument.

Surprisingly, it was noted that most T cells did sorround neurons that showed a positive
staining signal in LATin situ hybridisation (Theil et al., 2003a) (Derfuss et aD07). In the
present study (chapter 3.2), a detailed quantifinadf this peculiarity was carried out by
counting T-cell-neuron interaction patterns on Té&t®ns co-stained for HSV-1 LAT and
CD3' T cells. It was shown that 4.2% of all TG neuravese closely surrounded by T cells,
with 95.5% of them negative for LAT kiyn situ hybridisation. 1.3% of all TG neurons were
positive for LAT, with only 13.3% of LAT neurons being surrounded by T cells. However,
overall numbers of LAT neurons still correlated with the overall numbér neurons
surrounded by T cells in the TG. Staining of consiee sections confirmed the consistency
of these results. The numbers of LAfleurons in human TG are in line with the report of
Wanget al, 2005a, who detected LAT expression in 0.2 to%.6f human TG neurons.

There are several potential explanations for theethdifferent T-cell-neuron interaction
patterns observed. (I) In mice it has been estaddighat several neurons harbour HSV-1
DNA, but do not accumulate LAT to detectable levéGhen et al., 2002b). This was
confirmed in a study using human TG (Wang et #&05&). We therefore hypothesised that
the neurons surrounded by T cells but devoid of L 40 actually contain HSV-1 DNA. (II)
To attract CD8T cells, viral proteins need to be expressed aadgmted on MHC class I. As
mentioned above, viral LAT-derived microRNAs wel®wn to facilitate downregulation of
ICPO and ICP4 translatiom vitro (Umbach et al., 2008). This led to the hypothélset
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differential expression of viral microRNAs mightuse the different T-cell-neuron interaction
patterns. In neurons with no detectable LAT expoessnicroRNA levels would be low, and
therefore viral proteins might be minimally expregsleading to the attraction of T cells. (l11)
In LAT expressing neurons not surrounded by T celisroRNA levels seem to be sufficient
to block viral protein synthesis.

To study why the infiltrating T cells are clusterm@und some neurons and not around others,
TG sections were stained for LAT and CD3, and sgbsetly single neurons were excised
using laser microdissection. Microdissected neureaie then analysed by PCR for the pres-
ence of viral DNA, HSV-1 microRNAs, and mRNA foreth-gene ICPO. Signs of the virus
were only detected in neurons positive for LAT ioysitu hybridisation, and neither the
amount of viral DNA nor the amount of viral microRNl correlated with the T-cell infil-
trates. Furthermore, the T cells were also notaetédd by HSV-2 or VZV, as neurons
surrounded by T cells tested negative for theseses by quantitative PCR.

The present study is the first to show that, in hosj all latently infected neurons do express
LAT. This indicates that LAT plays a more importaiate in HSV-1 latency in humans than
in small animal models of infection. The contranietresults to an earlier study in human TG
(Wang et al., 2005a), which analysed the preseh¢¢S¥-1 and VZV DNA in human TG
and found HSV-1 DNA also in LATheurons and non-neuronal cells, might be explamed
differences in the experimental procedures. Firgtlyhe present study frozen TG were used,
instead of paraffin fixed TG. Further, a differentsitu hybridisation protocol and probe, as
well as different quantitative PCR protocols, wereed. The present use of a PCR Kkit
approved for diagnostics should rule out unspegisitive results. Also, Wang al, 2005a
used a laser capture microdissection PixCell liragcope (Arcturus Engineering, Inc., USA)
to excise single neurons, where a membrane is dneldo the neurons in question. This
might lead to contaminations by nearby HSV-1 pwesitneurons. Here, laser catapulting
microdissection (Zeiss, Germany) was used, themmjiding such contaminations. This
might explain why Wanget al, 2005a found HSV-1 DNA also in non-neuronal cells.
However, average HSV-1 copy numbers, as well asotheervation that the majority of
neurons do not harbour more than 20 HSV-1 DNA cqpiee in accordance with the results
of the work presented in this thesis. To ensursiseity of our quantitative PCR protocol,
titration experiments were carried out, resultingai recovery rate of 50% for one HSV-1
copy, diluted in DNA from HSV-1 negative TG.

Our observation that LAT is expressed in all ldieitSV-1-infected TG neurons was also

confirmed by F. Catez and P. Lomonte (personal comecation). A double-fluorescemh
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situ hybridisation for HSV-1 DNA and LAT on human TGcsiens did not show DNA
neurons that were negative for LAT.

One major question still remains. What actuallyaats T cells to neurons devoid of LAT and
viral DNA? It can be speculated that these neutmesl to be latently infected by HSV-1 but
the virus reactivated and was subsequently cldayaele immune system. As it is not known
whether neurons die upon viral reactivation, or theesome viral genomes do remain latent
in neurons after a reactivation event, this cateotxcluded. Moreover, it has been shown for
HSV-2 that T cells remain in the skin long afteiertious virus has been cleared (Gebhardt et
al., 2009). The T cells surrounding LATeurons could also be virus-unspecific bystander
T cells that have been attracted by the inflamnyatorlieu. It also cannot be excluded that
these neurons harbour very little viral DNA, whigls below the detection limit of the PCR
protocol applied here. CDST cells are able to react to such small numbermntijen:MHC
class | complexes as 1 to 3 on one cell (Sykuleal.etL996) (Purbhoo et al., 2004). A study
analysing the differences in the transcriptome efirons surrounded by T cells versus
neurons free of T cells might give further insightio this paradox. This might also resolve

the question of whether MHC class | expressiorpregulated in these neurons.
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4.3 Model of latent HSV-1 infection in humans

The overall conclusion of this study is that the€ll population observed throughout human
TG is triggered by latent HSV-1 infection. It wasndonstrated that these T cells possess
clonally expanded TCR-chains. These clones were private to the ass@sgdrtitiuals as no
T-cell clone occurred in different individuals. Hewer, homologous and identical clones
present in both TG of one individual were foundisTimdicates presence of the same T-cell
antigen in both TG. The fact that T-cell clonesnitieal even in their nucleotide sequence
were found in both TG implies that these cloneginate from the same T cell. This T cell
was most probably primed in the periphery duringhpry HSV-1 infection. Upon arrival of
the virus in the TG, some of these activated T-clelhes, along with other activated T cells,
infiltrated into the tissue. Repeated recognitibrih@ir respective antigen resulted in prolif-
eration and secretion of cytokines and chemokioesating an inflammatory milieu that

attracted more T cells, some of which could be aosig (Fig. 11).

trigeminal
ganglion

4. entry of HSV-1-specific
and unspecific T cells into TG

ophthalmic
branch

maxillary
branch

3. retrograde
axonal transport

=X
A

25
Ny

1. primary infection

mandibular

branch 2. proliferation of

HSV-1 specific T cells

Fig. 11 Schematic model of the events after HSV-1 priniafgction with special focus on T cells.
Upon primary infection, HSV-1 proliferates in thaioosal and epithelial cells. HSV-1 specific CD8
T cells are activated and proliferate. After HS\&Xransported via retrograde axonal transporhéo t
TG, also activated virus-specific CD® cells enter the TG. Recognition of their respecaintigens
leads to secretion of cytokines and chemokinesiltieg in the attraction of other activated T cglls

some probably also unspecific.
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An important finding of the current study is thaAT, as the only prominent transcript during
latency, is expressed in all neurons containing HSYNA. LAT therefore seems to play a
more crucial role in the maintenance of latencyhimtmans than in small animal models of
infection. An intra-species variation in the effaft LAT on spontaneous reactivation has
already been shown (Hill et al., 1990) (Perng gt1894) (Margolis et al., 2007). This corre-
lates with the ability of HSV-1 to reactivate spamtously, which is a hallmark of human
infection. Spontaneous reactivation is also moraroon in rabbits than in mice (Wagner and
Bloom, 1997). Additionally, in the present studye thAT-derived microRNAs, as well as
microRNA H6, were found to be present in all lakgmfected neurons. It was shown that
microRNA H2-3p and microRNA H6 were downregulati@P0 or ICP4 translation, respec-
tively, in vitro (Umbach et al., 2008), thus ensuring that an rap¢ion in viral gene repres-
sion does not lead to spontaneous reactivation.

Overall, the following model for the maintenanceHfbV-1 latency can be envisioned: in
most latently infected neurons, restriction of Vit@nscription by packaging of the viral
genome into heterochromatin is sufficient to mamtatency. However, if transient instabili-
ties in the heterochromatin occur, viral microRN&woded by the LAT locus are present to
hamper transcription of virad-proteins. The induction of full blown viral repéiton is
thereby preventedF{g. 12A). Triggers like stress might, however, induce gemnin the
chromatin structure of viral genomes that overhesé control mechanisms. Then the tissue-
infiltrating CD8' T cells might step in and, via the secretion &{+Fand Granzyme B, hinder

full blown reactivation of the virudHg. 12B).
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Fig. 12 Model of the maintenance of viral latency in rensg.
A: In most neurons latency is maintained by the loioied actions of chromatin control and LAT.

B: Stress might lead to increased transcriptiont/igy within the neuron as well as translocatimin
HCF1 into the nucleus. This might overrun the cépad microRNAs, and the CDOS8T cells serve as

a second line of defence, stopping viral repligatioa non-cytolytic manner.
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6 Abbreviations

APC
CDR
ds
EBV
ER

g
HCF1
HCMV
HLA
HSV-1
HSV-2
ICP
IFN

kb
LAT
MHC

Octl
ORF
ori
SEM
TAP
TCR
TG
TNF
vhs
VzZV

antigen-presenting cell
complementarity determining region
double-stranded

Epstein-Barr virus

endoplasmic reticulum
glycoproteins

host cell factor 1

human cytomegalovirus

human leukocyte antigen

herpes simplex virus type 1
herpes simplex virus type 2
infected cell protein

interferon

kilo base pairs = 1,000 base pairs
latency associated transcript
major histocompatibility complex
number

octamer binding protein 1

open reading frame

origin of replication

standard error of the mean

transporter associated with antigen processing

T-cell receptor
trigeminal ganglia
tumour necrosis factor
virus host shutoff

varicella-zoster virus
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Zusammenfassung

8 Zusammenfassung

Das Herpes-Simplex-Virus Typ 1 (HSV-1) ist ein depsgtrangiges DNA Virus, welches
Menschen infiziert und nach einer primaren lytischefektion eine lebenslange Latenz in
den sensorischen Neuronen der Trigeminus-Ganglié) établiert. Die HSV-1 Latenz wird
von einer chronischen Immunzellinfiltration begiejt welche hauptsachlich aus CD8
T-Zellen besteht. Es wird angenommen, dass die&ellén die virale Latenz kontrollieren.
Jedoch scheinen auch zellulare und virale Faktavenzum Beispiel virale microRNAS eine
zentrale Rolle in der Etablierung und dem Erhaltldgenz zu spielen.

In der vorliegenden Arbeit wurde untersucht, ob miedie TG eingewanderten T-Zellen
klonal expandiert sind. Dies wirde bedeuten, désglgrch ein Antigen aktiviert wurden.
Unter der Anwendung von CDR3-SpektratypisierungeeMethode welche die Langenver-
teilung der hypervariablen Region 3 des T-Zell-R¢aes analysiert, sowie Immunhistoche-
mie, konnten klonale Expansionen bei den T-Zelteden TG nachgewiesen werden, wovon
einige unspezifische ,bystander” T-Zellen zu sethisnen. Bemerkenswerterweise wurden
einige identische T-Zell-Klone im rechten und link€G eines Individuums gefunden, was
auf die Anwesenheit gleicher Antigene in beiden JcBliel3en lasst. Aul3erdem kann daher
angenommen werden, dass eine Immunzellinfiltratiroie TG durch Antigene ausgelost
wird.

Die Morphologie der TG wurde mittels Immunhistochemnd In-situ-Hybridisierung unter-
sucht. Die Analyse der Verteilung der T-Zellen ir® Tuhrte zu unerwarteten Ergebnissen.
Die meisten der von T-Zellen umgebenen Neurone igdteh kein Latenz-assoziiertes
Transkript (LAT), welches das einzige bekannte tgatrinskribierte Genprodukt der viralen
Latenz darstellt. Eine Kombination aus LAT In-siiybridisierung, T-Zell Immunhistoche-
mie und PCR-Analyse von einzelnen, durch Lasermdikszktion gewonnenen Neurone
sollte Aufschluss dartiber geben, ob diese Neuratsécdhlich Viren enthalten. Diese Analyse
zeigte, dass nur LATNeurone HSV-1 DNA oder virale microRNAs enthielt&o konnte
auch mRNA fiir ein virales Genprodukt nur in LANeuronen nachgewiesen werden. In
keinem der hier analysierten LANeurone konnten virale microRNAs sowie HSV-1 DNA
nachgewiesen werden. DNA fur HSV-2 oder Varizeltstér-Virus (VZV) war in keinem
der untersuchten einzelnen Neurone vorhanden. Zusagefasst lasst sich fur den
Menschen sagen, dass in der Mehrheit der infiziddeurone die HSV-1 Latenz nicht direkt
durch T-Zellen kontrolliert wird, sondern eher dumellulare oder virale Faktoren wie zum
Beispiel die viralen microRNAs. Unsere Daten lasdarauf schlieBen, dass CD8-Zellen

nur dann in Aktion zu treten scheinen, wenn diegdddfen nicht mehr ausreichen.
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