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The CD4™ T Cell Response to Human Cytomegalovirus

Abstract

Human cytomegalovirus (HCMV) is a betaherpesvirus that infects most humans worldwide.
In the healthy host, it elicits a broad immune response involving both the innate and adap-
tive arms of immunity, which is able to limit viral replication and prevent end-organ disease.
However, like all herpesviruses, the virus then establishes a lifelong latent infection such that
the host is unable to eradicate the virus completely. This then results in periods during
which the virus reactivates and can replicate. In an immunocompetent host, this replication
is eventually controlled by a robust secondary immune response. However, when this occurs
during periods of immunosuppression, such as after solid organ or haematopoietic stem cell
transplantation, the virus is then able to multiply rapidly and infect numerous organ systems.
Consequently, HCMV is one of the most frequently-occurring viral infections in such patients.
Most of the previous studies on HCMV infections in these patients have focused on the CD8*
T cell response, but in recent years, more evidence has come to light that other immune cell

populations play a role as well.

In the work presented in this thesis, | have utilised a viral dissemination assay (VDA) to
study the responses of peripheral blood mononuclear cells (PBMCs), CD4" cells, CD8" T
cells, and natural killer (NK) cells to HCMV infection of autologous fibroblasts in healthy
HCMV-seropositive and HCMV-seronegative adults, and showed that there were inherent dif-
ferences in the ability to control HCMV immediate-early (IE) and late gene expression between
the PBMCs, CD4™ cells and CD8* T cells from HCMV-seropositive and HCMV-seronegative
individuals. It was also found that the presence of other immune cells in a CD4™ cell popula-
tion, such as CD14% monocytes, are essential for CD4™ T cells to recognise HCMV-infected
fibroblasts via the MHC Class Il antigen presentation pathway. This leads to the production
of a cytokine milieu that can limit HCMV dissemination, of which IFN-+ was found to be one
of the key cytokines. A small number of plasmacytoid dendritic cells were also present in the
CD4* cell population, although their contribution to overall control by CD4* cells is yet to

be fully determined.

| have also used the VDA to assess the responses of PBMCs, CD4™ cells, CD8" T cells, and
NK cells from kidney and liver transplant patients to HCMV-infected autologous fibroblasts,
and shown that this assay may provide a more comprehensive assessment of the immune
response to HCMV than measurement of interferon-+ responses of T cells to HCMV peptides,
a commonly used method of immune monitoring in these patient groups. | have also compared
the responses of the transplant patients to those from healthy adults, and shown that, during
periods of CMV viraemia, patients frequently have responses similar to or worse than those

from HCMV-seronegative adults, regardless of the HCMV serostatus of the donor or recipient.
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Chapter 1

Introduction

1.1 HCMV

1.1.1 General virology and classification

Human cytomegalovirus first came to medical attention when its characteristic “owl’s eye
inclusions” were seen in histology samples from luetic stillborn foetuses in 1904 [4,483], and
then again in 1964 among patients undergoing organ transplantation [488]. It belongs to
the Herpesviridae family, which are large, icosahedral, enveloped viruses with double-stranded
DNA genomes. The Herpesviridae are further subdivided into alpha-, beta-, and gamma-
herpesviridae. HCMV belongs to the betaherpesviridae subfamily, of which mammals serve as
natural hosts. There are 18 species in this subfamily, among which three are pathogenic to
humans : human herpesvirus 5 (cytomegalovirus), human herpesvirus 6 (HHV-6) and human
herpesvirus 7 (HHV-7).

1.1.2 Structure and genome

The virion structure consists of a DNA core inside an icosahedral capsid made up of 162
capsomeres surrounded by an envelope derived from host cell membrane containing viral glyco-
proteins that control attachment and entry into cells [160]. The nucleocapsid is enclosed in a
tegument composed of virus-encoded proteins, and the tegument is surround by a lipid bilayer
envelope derived from the ER-Golgi intermediate compartment. Five envelope glycoproteins
(gB, gH:gL, gM:gN) provide essential attachment functions in fibroblasts and are targets of
neutralising antibodies. The HCMV genome consists of two segments, the Unique Long (UL)
and Unique Short (US) sequences, both of which are flanked by terminal and internal repeats

in a manner that promotes genome isomerisation during replication [403].
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1.1.3 Viral life cycle and lytic replication

As with all herpesviruses, HCMV has two life cycle phases: a productive phase where
new virions are produced, and a latent phase where there is a restricted gene transcription
profile and no new virion production. The HCMV genome is predicted to encode over 50

glycoproteins, of which five are essential for viral entry [396]. These include glycoprotein B
(gB; UL55), gM/gN (UL100/UL73), and gH/gL (UL75/UL115) [396].

Lytic HCMV DNA synthesis occurs in the nucleus of infected cells, starting as early as 14 to
16 hours post-infection and reaching to greater than 10,000 viral genome copies per cell [587]
at the time progeny virions start to form [18,425]. In vitro, skin or lung fibroblasts are the most
efficient producer cell lines for HCMV and thus remain the standard cell line for isolation and
propagation of HCMV from patient samples [529], while other cell cultures (e.g. monocyte-
derived macrophages) are only low-level productive and hardly release sufficient amounts of
infectious progeny to maintain the virus during repeated passaging of cell-free supernatant on

the respective cell type [532)].

HCMV initiates infection via a tethering interaction of virions to cell surface heparan
sulphate proteoglycans (HSPG), mediated by gB and gM/gN [110, 287]. Binding to HSPG
is thought to help stabilise the virion at the cell surface until other downstream receptors
are engaged [110]. Receptor clustering and signaling occurs following engagement of cellular
integrins by gB and gH, leading to downstream signaling events necessary for virus entry
and/or gene expression. Lastly, gH/gL /gO along with gB mediates fusion of viral and cellular
membranes, through gB and gH interactions with cellular integrins [250]. The trimeric gH
complex is sufficient for infection of fibroblasts, while the pentameric gH complex, which
consists of gH, gL, UL128, UL130 and UL131A is required for infection of endothelial and
epithelial cells. [493, 622]

Following entry, three kinetic classes of genes, immediate-early (IE), early (E) and late
(L), are expressed sequentially over the course of 48-72 hours. During the IE phase, the
most abundant gene transcription occurs from the major immediate early promoter (MIEP),
when alternative splicing of UL123 and UL122 regions give rise to the IE72 and |E86 proteins,
which remove epigenetic repressors and transactivate further HCMV genes and promoters,
allowing progression into early and late phase. Expression of |E gene transcription is controlled
by transcription factors binding to upstream viral gene enhancers and the tegument protein
pp71. [394].

Following peak expression of MIE regulatory proteins, the E proteins become transcription-
ally active. A total of 65 proteins and assorted miRNAs are produced during this period, with
some key proteins being UL54 (encoding DNA polymerase) [637], UL34 and various structural
and core proteins. Late gene expression initiates capsid assembly in the nucleus, followed by

nuclear egress to the cytosol. Capsids associate with tegument proteins in the cytosol and

2



Chapter 1 1.1

are trafficked to the viral assembly complex that contains components of the endoplasmic
reticulum, Golgi apparatus and endosomal machinery. The capsids further acquire tegument
and viral envelope by budding into intracellular vesicles at the viral assembly complex. Even-
tually, enveloped infectious particles are released along with non-infectious dense bodies [45].
Expression of HCMV late genes is maximal after viral DNA replication has begun. The lytic

life cycle of HCMV is summarised in Figure 1.1.

REDACTED

Figure 1.1: Lytic life cycle of HCMV
From Crough and Kanna, 2009 [120]

1.1.4 Viral Latency

Following primary infection, HCMV establishes a latent infection involving the CD34*
haematopoietic stem cell population in the bone marrow [388,527] and CD14" monocytes
in the peripheral blood [326, 569, 570]. Latent carriage of the virus is defined by the viral
genome being maintained in the host cell but no infectious virions being produced, with the
virus maintaining an ability to reactivate to a lytic infection. At the molecular level, this
is characterised by overall suppression of viral lytic gene expression attributable to epigenetic
regulation via histone modification machinery, a limited and specific transcriptional gene profile,
and a responsiveness to host-derived cues to exit latency and re-enter the lytic lifecycle [140,
471).

Suppression of the major immediate early promoter (MIEP) is achieved through cellu-
lar transcriptional repressors directing histone-modifying enzymes to impart repressive post-
translational modifications of MIEP-associated histones [525]: there is tri-methylation of hi-
stone H3 and recruitment of heterochromatin protein-1 (HP-1) with a concomitant absence
of histone acetylation on histone H4 [404,472,473,490], leading to repression of MIEP and
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lytic gene expression in CD34" progenitor cells. This chromatin phenotype is maintained

in the monocytes directly infected by the virus as well as those derived from these progeni-

tors [473,474]. Upon differentiation to terminally differentiated macrophages or dendritic cells,

these repressive histone modifications are lost and |IE gene expression is observed followed by

production of infectious virus [223, 473, 543, 570].

While it would seem ideal to maintain a quiescent state to evade immune detection, it has

been found that latency does not equate to transcriptional quiescence. A number of transcripts

have now been confirmed to be expressed during natural latency, and some of these transcripts

and their functions are as summarised in Table 1.1 below.

Table 1.1: HCMV gene products during latency

Gene products Function in latency Refs
UL135 Interacts with Abi-1 and CIN85 to downregulate  [73,461]
EGFR, promoting reactivation from latency
UL136 23- and 19-kDA isoforms suppress replication and  [90, 593]
promote latency, 33- and 26-kDA isoforms
required for efficient reactivation/replication
UL138 Upregulation of TNFR1 and downregulation of [329, 628]
MRP1, repression of MIEP
UL81-82ast (LUNA) Promotes UL138 expression [44,299]
Splice variant of Downregulation of MHC Class Il [265, 266]
UL111A (LAcmvIL-10) Suppression of cellular miRNA hsa-miR-92a, [449]
leading to upregulation of CCL8
Inc4.9 Binds PRC2, silencing the MIEP [490]
UL84 Genome maintenance [490]
Attenuates MAP kinase and NF-xB pathways [312]
US28 Downregulation of interferon-inducible genes [149]
Evasion of neutrophil recruitment and killing [148]
UL144 Regulated by GATA-2, function unknown [448]
UL33 Induces cellular CREB1 phosphorylation, [313]
promoting reactivation when recruited to MIEP
Inc2.7 Unknown [490, 520]
miR-UL112-3p Targets IE72 expression, limits cytotoxic T cell [390]
recognition of infected cells
_ Inhibits activin A-triggered secretion of IL-6 [327]
miR-UL148D o L
Maintains CDC25B activity in host cells [424]
miR-US5-2 Targets NAB1 to increase TGF- secretion [220]
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Table 1.1 continued from previous page

Gene products Function in latency Refs
miR-UL22A, Inhibit proliferation of latently infected CD34™ [220, 267]
miR-US25-1 progenitor cells

Abi-1 = Abelson interactor 1 protein; CDC25B = cell division cycle 25B phosphatase; CIN85 = Cbl
(Calcineurin B-like protein)-interacting protein of 85 kDa; CREB1 = cyclic AMP response element binding
protein 1; EGFR = epidermal growth factor receptor; GATA-2 = GATA-2 transcription factor; Inc = long
non-coding RNA; LUNA = latency unique natural antigen; MAP kinase = mitogen-activation protein kinase;
MIEP = major immediate-early promoter; miR = microRNA; MRP1 = Multidrug resistance-associated protein
1; NAB1 = nerve growth factor-induced protein A-binding protein 1; NF-kB = Nuclear factor-xB; PRC2 =
polycomb repressor complex 2; TGF3 = transforming growth factor 5; TNFR1 = Tumour necrosis factor

receptor 1.

Adapted from Sinclair and Reeves, 2013 [526]

1.1.5 Clinical aspects
1.1.56.1 Primary infection

Primary HCMV infection in the immunocompetent host may manifest as a viral syndrome
of fever for >10 days, malaise, myalgias, headache and fatigue. Less commonly, hepatomegaly,
splenomegaly and lymphadenopathy may also occur, while laboratory findings include lympho-
cytosis with activated or atypical lymphocytes and elevated hepatic transaminases [160]. In
immunocompetent individuals, the innate and adaptive arms of the immune system are capable
of limiting lytic viral replication and preventing end-organ disease [120]. This thus results in
a largely self-resolving mononucleosis-like illness, although the virus then establishes a lifelong
persistent infection through latency with periods of reactivation, during which productive lytic

infection and viral shedding occurs [526].

1.1.5.2 In utero

Primary maternal CMV infection during gestation poses a 40-50% risk of intrauterine
transmission [71], while reactivation in seropositive mothers rarely causes symptomatic dis-
ease [173, 174], suggesting a significant role of maternal antibodies in fetal protection, al-
though superinfection during pregnancy is also a cause of congenital CMV [295]. Congenital
disease and placental damage are more severe when primary maternal infection occurs in the
first trimester [47,199,549]. Up to two-thirds of affected newborns present with central ner-
vous system involvement, manifesting as intracranial calcifications, microcephaly, and mental

retardation, while other common abnormalities include hearing loss and chorioretinitis, with
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neonatal death occurring in approximately 10% of symptomatic newborns [160]. The level of

viraemia at birth or early infancy correlates with severity of congenital disease [65, 67, 321].

1.1.5.3 In immune-compromised and transplant patients

HCMV remains one of the most common complications affecting transplant recipients
[203]. Clinical manifestations of infection arise from virus from the donor organ or stem cells,
or from latent virus reactivation within the recipient [160]. Common presentations of end-
organ disease include pneumonitis, gastrointestinal lesions, hepatitis, retinitis, pancreatitis,
myocarditis, and rarely, encephalitis or peripheral neuropathy. Primary HCMV infection in this
population has also been linked with dysfunction of the transplanted organ [162,163]. Section
1.2.7 will consider the situations in both solid organ transplants and haematopoietic stem cell

transplants in greater detail.

1.1.5.4 Innate immune response to HCMV

HCMYV induces a broad immune response involving the innate and adaptive arms of the
immune system in healthy people. The innate response includes intrinsic immunity, which
refers to cellular responses, such as DNA sensing mechanisms or apoptosis pathways, and also
includes innate cell-mediated responses, such as NK cells, macrophages and the Complement
system. Some of the intrinsic cellular responses are discussed in the following section and
listed in Table 1.2 below.

Toll-like receptors (TLRs)

The initial stages of CMV infection are subject to innate detection by TLR2, a class of pattern
recognition receptors that detect pathogens through recognition of features not seen in human
cells, facilitated by CD14 [109]. A possible clinical corollary is the observation that liver
transplant recipients carrying an inactivating point mutation in the Toll-IL-1 receptor (TIR)
domain of TLR2 were found to have a higher HCMV load [301]. This was subsequently
followed by discovery that TLR2, TLR3 and TLR9 were upregulated in THP-1 monocytes
infected with HCMV [653]. This also has a possible clinical correlate in the observation that
a polymorphism (T-1237C) affecting TLRO promoter activity was seen to be significantly

associated with symptomatic HCMV infection in stem cell transplant recipients [87].

Nucleotide-binding oligomerisation domain (NOD)-like receptors (NLRs)

NLRs induce NF-xB in response to bacterial pathogens. Infection of human fibroblasts with
HCMV was found to promote expression of NLRC5 mRNA within 24 hours [316], while ectopic
expression of a NOD2 mutant (3020insC) was found to cause increased HCMV replication and

6
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reduced levels of IFN-/3 in HFFs [286]. The same group also subsequently found that activation
of NOD1 (through IKKa and IRF3) resulted in inhibition of HCMV infection in HFFs [155].

cyclic GMP-AMP synthase (cGAS)

cGAS is a DNA sensor that binds HCMV dsDNA. HCMYV infection leads to enhanced expression
of cGAS in plasmacytoid dendritic cells (pDCs) and monocyte-derived DC (moDCs) [423],
leading to activation of the STING/TBK-1/IRF3 pathway [356].

Gamma-inteferon-inducible protein 16 (IF116)

IFI16 is, as its name suggests, an interferon (IFN)-inducible protein, a member of the PYHIN
family of proteins (pyrin and HIN200 domain—containing proteins), a group of proteins that
have been fairly recently discovered as receptors mediating the detection of foreign DNA and
initiating innate immune responses [118]. In the context of HCMV, IFI16 was found to bind
viral DNA and trigger expression of antiviral cytokines including IFN-/3 via the STING-TBK-
IRF3 signaling pathway, while the tegument protein pp65 binds to the pyrin domain of IFI16,
hindering its DNA-dependent oligomerisation and promoting IFI16 nuclear delocalisation and

inhibition of the immune response [342,594].

Z-DNA-binding protein 1 (ZBP1)/DNA-dependent activator of IRFs

In experiments performed in human fibroblast cell lines, it was shown that after entry into
host cells, HCMV activates ZBP1 transcription. ZBP1 then promotes TANK binding kinase 1
(TBK1)-mediated phophorylation of Dead box protein 3 (DDX3) and IRF3 proteins, leading
to transcription of IFN-3 and IFN-stimulated genes in a Jak-STAT-dependent manner [130].

Table 1.2: Sensors of HCMV DNA and intrinsic immune response pathways triggered

DNA sensor Immune pathway triggered References
TLR? IFN-G via MyD88 [37]
IL-6, IL-8 & IL-12 via NF-xB [109]
TLR3 IFN-5 via TRIF [653]
IL-6, IL-8 & IL-12 via NF-xB [653]
TLR9 IFN-/3 via TRIF [653]
IL-6, IL-8 & IL-12 via NF-xB [653]
NLRC5 [FN-« [316]
NOD2 IFN-3 via IRF-3 [286]
IL-8 via NF-xB [286]
NOD1 IFN-5 [155]
cGAS IFN-a, IFN-$ via STING [356, 423]
IFI16 IFN-5 via STING [594]
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Table 1.2 continued from previous page

DNA sensor Immune pathway triggered References

ZBP1 IFN-3 via DDX3 [130]

cGAS = cyclic GMP-AMP synthase; DDX3 = DEAD box protein 3; IFI16 = gamma-interferon-inducible
protein 16; TLR=Toll-like receptor; MyD88 = Myeloid differentiation primary response 88; NF-xB = nuclear
factor kappa-light-chain-enhancer of activated B cells; NLRC5 = NOD-like receptor family caspase activation
and recruitment domain-containing 5; NOD = Nucleotide-binding oligomerisation domain; STING=stimulator
of interferon genes; TRIF = TIR-domain-containing adapter-inducing interferon-3; ZBP1 = Z-DNA-binding

protein 1.

Adapted from Biolatti et al, 2018 [56]

NK cells

Natural Killer (NK) cells are cytotoxic innate lymphoid cells that primarily recognise their
targets by a lack of major histocompatability complex (MHC) | (MHC Class |) expressed
on the cell surface, so-called “missing self” recognition [289,358]. They primarily exert their
cytotoxic effects by release of lytic granules which contain molecules such as perforin, granzyme
and granulysin that can induce cell death in stress cells, and also secrete tumour necrosis factor
(TNF) superfamily members, such as Fas Ligand and TNF-related apoptosis-inducing ligand
(TRAIL), which can induce apoptosis in targeted cells [325]. The regulation of NK cell activity
is governed by a balance of activating receptors (such as NKG2D, which recognises ligands on
stressed cells, and members of the natural cytotoxic receptor family, such as NKp30,NKp40 and
NKp46) and inhibitory receptors, (such as killer immunoglobulin-like receptors, KIRs, which
recognise MHC Class | complexes) [627]. NK cells can also be activated by antibody-coated
targets which are recognised via FcyRIII, a phenomenon known as antibody-dependent cellular
cytotoxicity [324,464].

There are observations of patients with NK cell defects experiencing severe HCMV (and
other herpesvirus) infections [57,183,419], and some evidence in transplant patients that show
an association of recovery of NK cell function with protection against HCMV viraemia [40].
HCMV-infected individuals exhibit elevated proportions of LIR-1T and CD94"NKG2C™ NK
cells [49,210], and during acute HCMV infection, the CD94TNKG2C* NK cells proliferate and
acquire expression of CD57 [362], a marker associated with greater cytotoxic potential but
reduced responsiveness to cytokines [361]. This expansion may represent an adaptive antiviral
NK response with associated characteristics of memory, though the exact function of CD57
has been difficult to discern as CD57 is not a protein but a sulfoglucoronyl carbohydrate moiety
found on a range of different glycolipids and glycoproteins [103, 315]. However, multiple in
vitro studies using low-passage HCMV strains in fibroblasts showed protection against NK

cell-mediated cytotoxicity [95, 620, 623], and the only example of NK cells controlling low-
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passage HCMV strains was via a non-cytolytic mechanism [252]. Perhaps as a testament

to the success of HCMV against NK cell-mediated cytotoxicity, the virus encodes multiple

gene products targeting NK cell functions, a summary of which is listed in Table 1.3 below

(non-exhaustive list).

Table 1.3: Modulation of NK cells by HCMV

Gene Activity Refs
uS2 Reduction of MHC-I surface expression by proteasomal degradation  [38,638]
US3 ER retention of MHC-I [270]
USs6 Blocks TAP-mediated peptide translocation, leading to [336]
downregulation of MHC-I
uS9 Proteasomal degradation of MICA *008 [513]
US10 Degradation of HLA-G [427]
US11 Proteasomal degradation of MHC-I [38,269]
US12, US13  Downregulation of ULBPs [159]
MHC-I homolog [455]
US18 Lysosomal degradation of activating receptor NKG2D ligand MICA  [158]
Downregulation of B7-H6, ligand of activating receptor NKp30 [97]
US20 Lysosomal degradation of activating receptor NKG2D ligand MICA  [158]
Downregulation of B7-H6, ligand of activating factor NKp30 [97]
pUL11 Inhibition of CD45-mediated signalling through direct binding [665]
UL16 Intracellular retention of activating receptor NKG2D ligands [144]
MICA/B and ULBPs [633]
UL40, Upregulates HLA-E independent of TAP, miR376a blocks HLA-E [580]
miR376a surface expression
UL83 (pp65) Inhibition of NKp30-mediated killing via suppressing activating [25]
signal through CD3(.
RL11-13, Fcy binding and inhibition of FcR signalling, inhibition of ADCC [112]
UL119-118
UL135 Suppression of immune synapse formation by actin remodeling via [551]
relocalisation of WAVE2 complex
ER retention of CD155, ligand involved with motility, adhesion,
transendothelial migration and endocytosis [581]
UL141 ER retention of CD112 ligand for activating receptor DNAM-1
(requires US2) [456]
ER retention of TRAIL ligands [541]
UL142 Intracellular retention o activating receptor NKG2D ligand ULBP3  [633]

Intracellular retention of activating receptor NKG2D ligands MICA/B [26]
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Table 1.3 continued from previous page

Gene Activity Refs

UL148 Lysosomal degradation of LFA-3, ligand for activating receptor [624]
CD2

UL148A Lysosomal degradation of activating receptor NKG2D ligands [127]
MICA/B and ULBPs

miR-UL112  Downregulation of MICB expression [554]

miR376a Blocks HLA-E surface expression [406]

ER=endoplasmic reticulum; TAP=transporter associated with antigen processing; MICA/B=MHC Class |
polypeptide-related sequence A/B (stress-induced ligands for NKG2D); ULBP=UL16 binding protein; ADCC=antibody-
dependent cellular cytotoxicity; WAVE2=Wiskott-Aldrich syndrome protein family verprolin-homologous pro-
tein 2; DNAM-1=DNAX accessory molecule-1 (CD226); LFA-3=lymphocyte function-associated antigen-3
(CD58); TRAIL=TNF receptor apoptosis-inducing ligand

Adapted from Wilkinson, et al, 2008 [642] and Forrest, et al, 2020 [170]

There have also been corollaries of these modulatory effects seen in murine CMV (MCMV).
For instance, the MCMV glycoprotein m157 is an MHC-I homolog which inhibits NK cell
activation via inhibitory receptor Ly49l [23,332]. Murine resistance to MCMV is determined
by the Cmvl" gene, which encodes the activating NK receptor Ly49H [505,506]. NK cells
which bear the activating receptor Ly49H directly recognise and are activated by virally-infected
cells expressing m157 [23,72,124], while most strains of MCMV possess forms of m157 which
can evade Ly49H-dependent NK cell activation [610].

Although NK cells have classically been described as part of innate immunity, in recent years
there has been emerging evidence for NK cell memory and adaptive NK cell responses. NK
cells from mice show characteristics of adaptive immunity, such as undergoing expansion and
contraction phases following primary infection, and have ‘memory’ and recall characteristics
upon rechallenge with MCMV antigens [559] while those bearing the Ly49H receptor proliferate
in response to their recognition of m157 [135]. These adaptive features were also seen in liver-
resident NK cells [632]. In humans, NK cells positive for the activating receptor NKG2C™ have
been well-described to expand in response to acute HCMV infection [211,212, 362, 374] and
reactivation [167] and are found in higher numbers in HCMV-seropositive individuals [210].

1.1.5.5 Adaptive immune response to HCMV

The adaptive arm of the immune response comprises of cell-mediated immunity, and
antibody-mediated, or humoral immunity. Cell-mediated immunity of the adaptive immune

response includes responses from CD8" and CD4" T cells. The humoral and CD8" T cell
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responses to HCMV are covered in brief in the following paragraphs, and a more in-depth
explanation of CD41 T cell response to HCMV is detailed in Section 1.2.4.

Humoral response

Following primary infection, antibodies specific for structural tegument (pp65, pp150, pp28),
envelope glycoproteins (gB, gH) and non-structural proteins such as IE1 and pp52 can be de-
tected in the serum [202,322,602]. Initially, the HCMV envelope glycoproteins gB, gH/gL, and
gM/gN were thought to be the major targets of the humoral response, although subsequently
antibodies directed against the pentameric complex gH/glL/pUL128L/pUL130/pUL131 were
shown to prevent viral entry into epithelial and endothelial cells [493]. Most of the neutralising
antibodies detected after natural and experimental infection and in commercial immunoglobu-
lin preparations comprise of antibodies to the pentameric complex [172,275,350]. The presence
of antibodies does not provide protection from infection, although in the context of congenital
CMV (cCMV) the presence of maternal antibody to CMV before conception prevents severe
sequelae of disease [174]. Vaccine trials using recombinant gB have shown partial protection
from maternal and congenital infection [428], and solid organ transplant recipients [204], al-
though a fully protective vaccine has yet to be designed (reviewed in [187]), perhaps hampered
by the fact that relatively little experimental data exists on the mechanisms of protection of
the individual antibodies [3].

CD8* T cells

CD8* T cells are cytotoxic lymphoid cells expressing the T cell receptor, and CD3 and CD8
co-receptors [85] that primarily recognise infected cells by antigen presentation via the MHC
Class | pathway [476,546]. They exert their cytotoxic effects primarily via secretion of cytokines
IFN-y and TNF-« [294,429] and release of cytotoxic granules such as perforin and granzymes
[231,442,443]. They can also kill infected cells via Fas/Fas ligand binding on infected cells,
which results in the triggering of apoptosis pathways [219,364]. Upon exposure to antigen,
naive CD8" T cells differentiate into a variety of subsets, with the subsets they differentiate
into dependent on the specific polarising cytokines present, as detailed in Fig.1.2. Following a
primary response to antigen, CD8" T cells then contract and a population of memory CD8"
T cells remain [393], which are capable of rapid proliferation and conversion to effector cells

upon re-encounter with antigen [277,521] .
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REDACTED

Figure 1.2: CD8* T cell subsets, and the cytokines which influence their differentiation
Upon exposure to antigen, CD8™ T cells differentiate to different subsets, depending on the
polarising cytokines present. Following differentiation, each subset produces distinct cytokine
profiles. T. = cytotoxic T cell; IFN = interferon; TNF = tumour necrosis factor; IL = interleukin;
TGF = transforming growth factor. Figure from St. Paul and Ohashi, 2020 [548]

Patients with normal antibody levels but profoundly impaired cell-mediated immunity can
suffer from CMV disease, and the degree of T-cell impairment parallels the severity of the
disease, as reflected clinically in AIDS patients as well as solid organ and stem cell transplant
recipients [151,465]. The T-cell response is broad and persistent, and in adoptive transfer
experiments, CD8" T cells with specificity for HCMV tegument proteins appear protective,
although dependent upon the presence of CD4™ T cells in the transfer.

CMV-specific CD8* T cell populations have been studied extensively and make up a high
frequency of CMV-specific memory T cell populations, with epitopes derived from pp65 and
IE1 regularly reaching 5-10% of total CD8" T cells in the blood. In the most comprehensive
study to date examining IFN-7 responses to 213 predicted HCMV open reading frames (ORFs),
up to 30% of total CD8* T cells in healthy seropositive adults showed an IFN-+ response, and
recognised a median of 8 ORFs [564]. There is, however, a wide variability in the size of T cell
responses between individuals and the reasons for this are as yet unclear [254]. These T cells
appear to occupy the more mature end of a continuum of memory T cell phenotypes, and are
associated with downregulated expression of CD27 and CD28, upregulated CD57, killer cell
lectin-like receptor subfamily G member 1 (KLRG1) and the expression of effector molecules
such as perforin and granzyme B [22]. In transplant patients, multiple studies have shown
that recovery of the CMV-specific CD8' T cell response is required for successful protection
against CMV disease [583-585].

In mouse models, effector and memory CD8% T cells protected against lethal MCMV

disease after adoptive transfer into immunocompromised MCMV-infected recipients [468,470],
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and in a mouse model of experimental CMV-associated interstitial pneumonia after bone
marrow transplant, depletion of CD8* T cells by anti-CD8?ntibodies led to lethal organ disease
[444,445], while adoptive transfer of pulmonary CD8" T cells prevented viral replication and
disease in immunocompromised recipients [16,445].

1.1.6 HCMV strains used in experimental work of this project

The initial HCMV strain used in most studies worldwide was isolated from adenoid tissue
of a 7 year old girl, designated AD169 [491]. Subsequently, attempts to develop an attenuated
vaccine by passaging HCMV 125 times in vitro led to development of the Towne strain [441].
Characterisation of the genomes of these strains showed that both had deletions at the 3’
end of the U_ /b’ region, combined with expansion of the long terminal repeat, TR. /IR [98].
A prospective study comparing the genomes of HCMV strains that had been passaged up
to 63 times in vitro with the original clinical sample showed that mutations occurred in all
samples [126]. In particular, defects in UL128L were specifically associated with culture in
fibroblasts [126]. Earlier studies using AD169 and Towne strains also showed susceptibility to
NK cell-mediated lysis [95,580,623], but following repair of the U, /b’ region, the Towne strain
showed resistance to this [581]. Thus, when interpreting studies of HCMV, it is important to
consider the strain used and which deletions it may contain. Pertinent to this Introduction,
other HCMV strains used in the papers cited include the low-passage clinical strain NEWT,
which has been adapted for propragation in human umbilical vein endothelial cells (HUVECs),
and the clinical isolate VR1814, from the cervical secretions of a pregnant woman with primary
HCMYV, which has been shown to be leukotropic and endothelial cell-tropic [201].

The strain used in most of the experiments in this project is a bacterial artificial chromo-
some (BAC)-cloned version of strain Merlin, which was isolated from neonatal urine samples
and chosen on the basis of efficient recovery from frozen stocks and genomic integrity in pre-
liminary sequencing analysis [641]. It contains the complete wildtype HCMV genome, with the
exception of point mutations in RL13 and UL128, which were subsequently repaired to match
the presumed sequence in the clinical sample, except for three non-protein-coding differences in
the b/b’ region [641]. RL13 encodes a virion glycoprotein which represses HCMV replication in
HFFFs and ARPE-19 cell lines [550], while UL128L proteins form part of the pentameric virion
envelope glycoprotein complex that promotes infection of endothelial, epithelial and myeloid
cells [8,188,213,430,493,557,621] but not in fibroblasts [550].

The other strain used in the experimental work of this project is the TB40/E strain. This
strain is derived from the throat wash of a bone marrow transplant recipient by propagation
for 5 passages in fibroblasts and 22 passages in endothelial cells [531], and has been used by
multiple groups as a highly endotheliotropic and macrophage-tropic strain [14,48,233,239,303,
401,472,475,533] due to its ability to maintain endothelial cell tropism for both fibroblasts and
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endothelial cells even after extensive passaging in fibroblasts [531], although genetic sequencing
has shown it to be both genetically [136] and phenotypically heterogeneous [497].

1.2 CD4T T cells

CD4* T cells comprise the majority of T lymphocytes in healthy individuals. T lympho-
cytes originate from precursors arising in the foetal liver and adult bone marrow that then
enter the thymus. Here, cells whose TCRs bind with low avidity to self peptide-self major
histocompatibility complex (MHC) complexes on cortical thymic epithelial cells are stimulated
to survive and differentiate into CD4" or CD8" T cells (a process known as “positive selec-
tion”) [19]. This is followed by a further process of elimination (by apoptosis) in the thymic
medulla of most T cells that bind to self peptide-MHC complexes with high avidity (“nega-
tive selection”) [566], although a few of these cells survive to differentiate into regulatory T
cells (T,eg). This process is also known as central tolerance. These CD4™ T cells then enter
the bloodstream and differentiate into CD4™ T cell subsets as described in the subsequent

sections.

1.2.1 The MHC class Il antigen presentation pathway to CD4+ T

cells

The CD4 co-receptor on CD41 T cells binds to the MHC class Il molecule on antigen
presenting cells (APCs). The MHC class || molecule is a heterodimeric receptor which consists
of an « and 3 chain and is constitutively found on professional antigen presenting cells, but
its expression can also be induced on the surface of non-professional APCs by a variety of
immune regulators [236]. MHC class |l molecules assemble within the endoplasmic reticulum
(ER) and are transported to endosomes with an associated protein, the invariant chain (I;),
which occupies the peptide-binding cleft of these newly synthesised MHC class Il molecules
and prevents the newly-synthesised MHC class |l heterodimer from accepting peptides. These
MHC class II-I; complexes are then transported through the Golgi apparatus to the MHC class
Il compartment, either directly or via the plasma membrane [411]. The |; is then released by
progressive protelysis in acidic endosomes [626], resulting in a peptide of roughly 20 amino
acid residues that is associated with the binding groove in the MHC class Il molecule, known
as class ll-associated invariant chain peptide (CLIP) [62]. The MHC-encoded heterodimeric
glycoprotein HLA-DM then interacts with MHC class II-CLIP complexes and promotes a con-
formational change that induces CLIP dissociation and subsequently allows loading of MHC
class Il molecules with antigenic peptides, which are then presented to CD4" T cells in asso-
ciation with co-stimulatory molecules (not shown in diagram). A summary of the MHC class

[l antigen presentation pathway is shown in Figure 1.3.
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REDACTED

Figure 1.3: Basic MHC class Il antigen presentation pathway

APC = antigen presenting cell; CLIP = Class |l-associated invariant chain peptide; ER =
endoplasmic reticulum; li = invariant chain; MIIC = MHC Class Il compartment; TCR = T-cell
receptor. Figure from Neefjes, et al., 2011 [411]

1.2.2 Activation and their role in adaptive immunity

Binding of the T cell receptor on T cells (with CD4 as a co-receptor) with the MHC class
ll-antigen complex induces a network of downstream signalling events that trigger CD4" T
cell activation, differentiation and memory cell generation. The subset into which the CD4*
T cell differentiates depends on the cytokine milieu of the microenvironment, concentration of
antigens, type of APC, and co-stimulatory molecules involved in the interaction [365], though
there has been demonstration of a degree of plasticity between these different subsets [91].
The cytokines that influence the differentiation of the activated CD4" T cell into the respective
CD4" T cell subset, and the corresponding cytokines secreted by each subset, is summarised

in Figure 1.4.
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REDACTED

Figure 1.4: CD4T T cell subsets and associated transcription factors and cytokines
Following activation of the CD4™ T cell, cytokines present in the microenvironment (indicated on
arrows) trigger expression of various transcription factors (labelled in each cell subset in circles),
which then determine the type of effector cell that is induced. The typical cytokines secreted by
each CD4T T cell subset are also shown. Mature Ty1 cells produce IFN-+v which can upregulate
MHC Class | and Il molecules on cells in the local microenvironment. These cells are antiviral and
protective against intracellular bacteria and fungi. T2 cells typically secrete IL-4, IL-5, and IL-13
and are active against extracellular parasites and implicated in allergy responses. T follicular helper
cells (Ty,) are specialized to provide B cell help and assist in germinal center formation. Mature
Th17 cells aid in protection against extracellular bacteria and fungi. Regulatory T cells (T,eg) are
characterized by the expression of the transcription factor Foxp3 and help to control activation of
the immune response. T,22 cells have been shown to play a role in mediating immune responses in
the skin. From Lim et al., 2020 [352]

1.2.3 CD4* T cells and antiviral immunity

The roles that CD4™ T cells fulfill in antiviral immune responses can broadly be divided
into 3 categories: recruitment of lymphoid cells to sites of infection, mediating expansion or
function of other effector cells, or providing direct antiviral effects through cytokine production
or cell-mediated cytotoxicity [502]. The classic view of CD4" T cells is as a helper cell. In
antiviral responses they help recruit CD8™ T cells to sites of infection by promoting engagement
of CD8" T cells with dendritic cells via chemokines such as CCL3 and CCL4. They can also
facilitate entry of naive CD8" T and B cells to draining lymph nodes and recruit innate
or antigen-specific effectors to sites of viral replication via production of IFN-+ and local
chemokine secretion. CD4™ T cells can also mediate expansion and function of both B cells and
CD8™ T cells. Binding of antigen on CD4™ T cells initiates expression of CD40 ligand (CD40L),
which engages CD40 on B cells and induces proliferation and differentiation of B cells, initially
in extra-follicular foci and then in germinal centres of lymph nodes, resulting in production
of antibody-producing plasma cells and memory B cells. With CD8" T cells, CD4* T cells
have been shown to facilitate development of memory CD8" T cells via various mechanisms,

such as through downregulation of TNF-related apoptosis-inducing ligand (TRAIL) expression,
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generation of cytokines such as IL-2, or direct ligation of CD40 on naive CD8™ T cells by CD40L
on CD4T T cells [502,562]. Finally, there has been increasing evidence of a role of CD4™ T
cells in antiviral immunity that is independent of their helper function through two distinct
mechanisms: production of cytokines IFN-vy and TNF-«, and through direct cytolytic actions
via perforin- and Fas-dependent killing [274]. In particular, these cytotoxic T cells have been
described to emerge after CMV infection [417,600] and have demonstrated a capability to lyse
CMV antigen-expressing target cells in vitro [599]. They have also been found to express the
transcription factor Homolog of Blimp-1 in T cells (Hobit) [417].

The majority of CD4' T cells produced in response to viral infection are of the T-helper 1
(Tw1) subtype, producing IFN-y and expressing the transcription factor T-bet [91]. This has
also been observed following primary CMV infection [479]. However, other functional subsets
are also involved in antiviral immunity. T follicular helper (Tq,) cells, characterized by their
expression of the chemokine receptor CXCR5 and transcriptional repressor Bcl6, produce IL-21
which facilitates germinal centre B cell selection and differentiation of activated B cells that
provide long-term antibody-mediated protection against viral pathogens [216,217]. Regulatory
T cells (T,eg), identified by expression of transcription factor Foxp3 and cell surface marker
CD25, limit immunopathology in chronic viral infections [288]. T gs that develop in the thymus
are termed natural T,eg (nTyeg), while those that develop in peripheral lymphoid organs are
termed inducible Tregs (iT.g). In the context of antiviral responses to CMV, CMV-specific
iTreg Were found to be increased in older women and may attenuate the chronic vascular injury
caused by CMV [573].

1.2.4 HCMV antigen specificity of CD4* T cells

Initially, studies to identify HCMV-specific CD4" T cells used lysate derived from HCMV
infected fibroblast cells to stimulate the antigen-specific response [355, 452, 453,516]. Sub-
sequently, studies of the CD8" T cell repertoire identified multiple peptides that were most
frequently recognised by HCMV-specific CD8" T cells [150, 191,296, 643]. Among the most
commonly recognised were pp65 and IE-1, although some structural, early/late antigens, and
HCMV-encoded immunomodulators were also identified (such as pp28, pp50, gH, gB, US2,
US3, US6 and UL18) [150]. This was thus used to guide studies identifying CD4™ T cells
that were HCMV-specific [629]. In the same landmark study that screened 213 ORFs to
identify the most common ones recognised by CD8" T cells, it was also found that CD4"
T cells recognise proteins from up to 125 different ORFs. In particular, CD4" T cells recog-
nised immediate-early (IE) gene products by 2.3-fold over their representation in the HCMV
genome, and there was also preferential recognition of primary immune evasion proteins and
viral tegument and glycoproteins [564]. Recognition of HCMV glycoproteins by CD4" T cells
has also been reported in a number of other studies [119, 420, 421]. A summary of HCMV
antigens commonly recognised by CD4™ T cells is listed in Table 1.4.
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In addition, measurement of the functional capability of these cells has also evolved. Ini-

tially, most studies measured intracellular cytokine production, predominantly IFN-~, to deter-

mine specificity of these CD4* T cells to HCMV (reviewed in [255]). More recently, work in our

laboratory has demonstrated a functional capability of these cells in vitro, where autologous
HCMV-specific CD4" T cells (identified by upregulation of activation markers CD40L and

4-1BB above the background response) were shown to be able to restrict viral dissemination

in monocyte-derived dendritic cells [256].

Table 1.4: Antigens recognised by CD4+ T cells

Antigens Response test used References
pp65, gB, gH, IE1, IE2, UL69 Lymphoproliferative assay [46]
IE1 & total HCMV Ag lysate Proliferation response to [128]
(AD169) transfected astrocytoma cells
pp65 ICS for IFN-7 response to peptide  [297]
pools
gB, pp65, UL86, pp28, IE2, UL36, ICS for IFN-7y response to peptide  [564]
UL48, pp150 (8 most common) pools
UL86 ICS for IFN-7 response to peptide  [176]
pools
gB (presented through Chromium release assay of [119]
HLA-DRB*0701) peptide-loaded lymphoblastoid cell
lines
gB, gH, gL (95% of donors have gB  ICS for IFN-7y (gB colocalizes with ~ [421]
response, but only 20% have gH or CD4™ class Il loading
gL response) compartment, but gH does not)
pp65, gB, IE1, IE2 IFN-~ Fluorospot response to [256, 257]
peptide pools
UL138, LUNA IFN-~ and IL-10 ELISPOT [381]
response to peptide-loaded
lymphoblastoid cell lines
UL138, LUNA, US28, vIL-10, US3, IL-10 Fluorospot to peptide pools [258]

pp71

ICS=intracellular cytokine staining

1.2.5 Phenotypes and characteristics of HCMV-specific CD4* T cells

As mentioned in Section 1.1.5, primary HCMV infection in the immunocompetent host

may manifest as a viral syndrome, although it is often asymptomatic in healthy hosts as well.
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This difficulty in obtaining a cohort of patients with primary HCMV infection at the time of
diagnosis has led to studies of the CD4" T cell response during acute primary infection being
conducted mainly on pregnant women cohorts or during primary infection in kidney transplant
patients where the recipient is seronegative and donor is seropositive (DTR") [168, 347, 348,
386]. In pregnant women cohorts, at early time points post-infection the dominant CD4* T
cell responses are to gB and pp65 [386]. However, these CMV-specific CD4™ T cells have lower
functional avidity [21], and express higher levels of immune checkpoint proteins such as PD-1
as compared to the memory responses of CMV-specific CD41 T cells in healthy seropositive
adults [21,386,484]. A summary of these studies is listed in Table 1.5.

Table 1.5: Phenotypes & characteristics of CD41 T cells in primary HCMV infection

Surface marker Cohort studied Refs

CD45RAT CD45RO*

_ DR renal transplant recipients [479]
(Recently activated T paive)
CD38*
_ DR renal transplant recipients [479]
(CD38" during latency)
CD49d(VLA-4)", CD62L", CD11a"e"  Both acute and latently infected [479]
(data not shown)
CD28 GzmB™
z-m DR renal transplant recipients [599,600]
(Cytotoxic CD4™)
CD28 DR renal transplant recipients [599]
CD45RAT Healthy pregnant women [348]
CD45RA™ less likely to transmit to
Healthy pregnant women [168, 169]
foetus
PD-1*
_ Healthy pregnant women [21]
(Only in CD287CD4™)
CD28 Primary infection in healthy pregnant  [21]
women

PD-1*, NKG2D, DNAM-1 (CD226),

Severe symptomatic primary infection 434
. ymp primary [484]

in healthy adults
[L-7RPos
(Found in 50% of CMV-specific CD4™,

_ _ Primary infection in healthy pregnant  [386]
increasing to 70% after 12 months,

_ _ ‘ women
associated with non-transmitters)

After the initial proliferative response to primary infection, the CD4" T cell population
then contracts, and the fraction of T,,1 and Ty, that survive become long-lived memory cells

of central memory (Tcw), effector memory (Tgm) or T, phenotypes. Surface markers of some
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of these memory T cell subsets are listed in Figure 1.5, although this is a non-exhaustive list,

as classification of newer memory T cell subsets is still ongoing and a matter of debate.

REDACTED

Figure 1.5: Surface markers of memory T cell subsets
Adapted from Golubovskaya et al., 2016 [198]

Examination of the CMV-specific CD4" T cell population in healthy seropositive adults
reveals that these CD4™ T cells can be found in the entire spectrum from naive to central
memory T cells, and that up to 88% of CMV-specific CD4" T cells can have an effector memory
phenotype [420]. In addition, CMV-specific CD4" T cells that secrete IL-10, a suppressive
cytokine, or have a phenotype of a T,z have been identified in other studies [105,511,573,586].
CMV-specific CD4" T cells have also been shown to have cytotoxic capacity, measured via
surrogate markers such as expression of CD107a (a marker of degranulation), detection of
intracellular perforin and granzyme molecules or via cytotoxicity assays including chromium
release assays [119, 181, 256, 381, 420, 421, 599], suggesting that some CMV-specific CD4*
T cells have the ability to kill CMV infected cells. Table 1.6 lists some phenotypes and

characteristics of these CD4" T cells that have been found in CMV-seropositive adults.

Table 1.6: Surface markers and characteristics of CMV-specific CD4* T cells in
HCMV-seropositive adults

Surface markers/Secreted factors Cohort studied Refs

Seropositive healthy
adults and renal [516]

transplant recipients

CD45RO™, CD27, CD62L", CCR7'"
(Mature effector phenotype)
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Table 1.6 continued from previous page

Surface marker/Secreted factors Cohort studied Refs
CD27" (but also a small proportion of CD277) HCMV-seropositive [61]
adults
CD45RATCD45RO™ to CD45RA" to
Healthy HCMV-
CCR7*CD45RO™* » [420]
_ ) seropositive adults
(Progression from naive to central memory)
CCR7 CD45RA
) . Healthy HCMV-
(Effector memory, found in 88% of CMV-specific . [420]
seropositive adults
CD4T T cells)
CD27-CD28 Healthy HCMV- 1420]
(64% of CMV-specific CD4™ cells) seropositive adults
CD57+ Healthy HCMV- 1420]
(Found almost exclusively on CD27-CD28 cells) seropositive adults
Healthy HCMV-
MIP-13, TNF-a, and IFN-7 in absence of IL-2 ey [88]
seropositive adults
Healthy HCMV-
CD107a, perforin & Gzm ] [88]
seropositive adults
, Healthy HCMV-
CX3CR1*, PD-1*, GzmB"&"  perforin e y. _ [420]
seropositive adults
CD45R0O*"CD45RAMEN & Healthy HCMV- 162]
CD45ROMeNCD45RAW seropositive adults
CD27-CD28", with shortened telomeres Healthy elderly HCMV- [164]

(Late-differentiated phenotype)

seropositive adults

1.2.6 HCMYV Immune Evasion of CD4* T cell responses

The HCMV genome encodes multiple evasion proteins during the course of infection that

allows the virus to modulate intrinsic, innate and adaptive immune responses [644], the end

result of this being the persistence of active primary infection viraemia even in the immuno-

competent host, which is accompanied by virus excretion for months (in adults) or even years

(in children). In particular, the lack of a CD4™ T cell response in healthy children has been

associated with persistent shedding of virus into the urine and saliva of these hosts [589]. A

summary diagram of the mechanisms of immune evasion of CD4" T cells by HCMV is shown

in Figure 1.6, and will be elaborated on in the following sections.
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Figure 1.6: Summary of mechanisms of immune evasion of CD4" T cells by HCMV
CIITA = class Il transactivator; CLIP = Class Il invariant peptide; cGAMP = cyclic guanosine
monophosphate—adenosine monophosphate; cGAS = =cyclic GMP-AMP synthase; ER =
endoplasmic reticulum; ISG = interferon--ystimulated gene; Jak = Janus kinase; MHCII = MHC
Class Il; STAT = signal transducer and activator of transcription proteins; STING = stimulator of
interferon genes. From Lim et al., 2020 [352]

1.2.6.1 Evasion via downregulation of MHC class Il proteins by US2 and US3

Early work characterising essential and non-essential genes of HCMV found that infection
led to downregulation of MHC class | molecules on the surface of infected cells [39,43,131,192,
650]. The US1-US11 region of the HCMV genome encodes at least 4 proteins, US2, US3, US6
and US11 that can independently interfere with the stability, assembly or export of MHC class
| molecules [268,440]. Two of these proteins also interfere with MHC Class 1l. US2 has been
shown to affect the MHC class |l processing pathway, specifically by binding to MHC class |I-«
chains and assembled MHC class Il-a/3/l; complexes, leading to their degradation [582]. US3
alters assembly of MHC class Il complexes by binding HLA-DR (but not HLA-DM) proteins
before or during assembly of /3 complexes in the ER, preventing the binding of the invariant
chain. This leads to mislocalisation of these complexes to other post-Golgi compartments and

results in the reduction of antigen presentation in US3-expressing cells [228]. (Seen in Figure
1.6).
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lating the effects of interferon-v

Interferon-y (IFN-v) upregulates MHC

class Il molecules in cells constitutively ex-
pressing MHC class Il, such as B cells, den-
dritic cells and professional antigen present-
ing cells (APCs). However, it is also able to

induce MHC class Il expression in cells that

Induction
of anti-viral
state

do not constitutively express MHC class |,

1.2.6.2 Evasion via downregulation of Class Il transcriptional activator and modu-
. STAT
such as epithelial cells and fibroblasts, via Im
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v /
STAT @

s
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STAT
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GAS ISRE

the MHC class Il transactivator gene (Cl-
ITA) [553]. The mechanism of how this oc-

curs is not fully elucidated. However, it is

known that it involves regulation of a num-
ber of signaling pathways and transcription
factors in a cell-specific manner. Binding of

IFN-v to its cell-surface receptor activates

the protein tyrosine kinases Jakl and Jak2,
and activation of these Jak kinases phospho-
rylates the tyrosines of the cytoplasmic tran-
scription factor STAT1, and translocates it
to the nucleus. STAT1 then binds directly to
the IFN-v-activation site (GAS) element of
CHITA. The CIITA promoter region also in-

Transcription of
ISGs and MHCII genes

cludes an interferon regulatory factor (IRF)-1 L )

binding site and binding of both these regions . . . ]
Figure 1.7: Mechanism of induction of

MHC Class Il by IFN-v

CIITA = class Il transactivator; Jak = Janus
kinase; GAS = Gamma-interferon-activation
site; STAT = signal transducer and activator
of transcription protein; IRF = interferon

are essential for activation by IFN-v [402].
Activation of CIITA leads to the assembly of
a MHC class |l enhanceosome, triggering a

cascade of events that ends in autophospho-

rylation of CIITA and allows transcription of
MHC class Il genes to initiate [528]. The

process of induction of MHC Class |l com-

regulatory factor; ISG =
interferon-stimulated gene; ISRE =
interferon-stimulated response element.
Figure created at BioRender.com

plexes by IFN-v is illustrated in Fig.1.7. In
macrophages the transcription factor NFAT5 is required for expression of the CIITA and MHC

class Il molecules, but this is not the case for dendritic cells and B cells [77].

The HCMV genome encodes for a number of proteins that assist in modulation of the

effects of IFN-y [200] and directly modulate CIITA transcription. In Langerhans cells, a
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dendritic cell subset, HCMV infection results in a decrease in constitutive expression of CIITA
[330]. Further evidence in a transfected cell line model system showed that CMV downregulates
MHC class Il expression on the cell surface via regulation of CIITA and independently of known
CMV Class Il modulators US2 and US3 [92]. Recently, it has also been shown in kasumi-3 cells,
a myeloid lineage tumour cell line, that reduction in endogenous expression of MHC class Il is as
a result of decreased CIITA transcription, although as a caveat the study did not define if this
occurred in latent or lytic infection [501]. UL23 binds to the STAT effector molecule N-myc,
preventing proper activation and translocation of the STAT1 homodimers required for IFN-~
signalling [157], while UL31 preferentially binds the cytosolic DNA sensor cGAS in a manner
that results in inhibition of interferon-associated gene transcription [242]. The tegument
protein pp71 binds Daxx, a Death-domain associated protein, and targets it for degradation,
resulting in an inhibitory effect on induction of downstream antiviral genes [86, 247, 367]
(illustrated in Figure 1.8). It has also been demonstrated that pp71 can negatively regulate
the signaling role of STING (Stimulator of Interferon Genes) by inhibiting its translocation to
the nucleus and preventing recruitment of accessory proteins to the complex [175] (illustrated
in Figure 1.6). The end result of all these modulations is a decrease in transcription of
downstream interferon-y-associated genes, which, among other effects, results in decreased
expression of MHC class Il on the surface of infected cells and a decreased ability to present

antigen via the MHC class Il antigen presentation pathway.

REDACTED

Figure 1.8: pp71 degrades Daxx

In infections with pp71-null virus, Daxx represses viral transcription through its interaction with
HDAC and an unknown transcription factor (Panel A). In infections with wildtype virus, pp71
enters the nucleus and degrades Daxx, allowing |IE gene expression to occur (Panel B). Adapted
from Saffert et al, 2006 [496]
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1.2.7 The CD4* T cell response to HCMV in different clinical set-
tings
1.2.7.1 In solid organ transplant recipients

Cytomegalovirus is the most common viral opportunistic infection in solid organ transplant
(SOT) recipients, with the risk of infection or reactivation being stratified according to the
CMV sero-status of the donor and recipient. An organ donation from a sero-positive donor to
a sero-negative recipient (DTR") carries the highest risk, a sero-positive recipient (R™) is at
intermediate risk, and D'R" transplants are at lowest risk [309]. Other factors affecting risk
of CMV reactivation or disease include the type of organ transplanted, with lung and small
intestine transplant recipients having the highest risk, while liver and heart recipients are at
an intermediate risk and kidney recipients are at the lowest risk of CMV infection [243]. The
reasons for this stratification are likely related to the amount of immunosuppression required,
and the latent viral load present in these organs [385]. In addition, use of anti-lymphocyte

antibody induction agents also increase risk of reactivation [454].

There have been multiple studies in solid organ transplant recipients assessing the CD4™ T
cell response in solid organ transplant recipients. A summary of these is presented in Table 1.7.
The majority of these show that the HCMV-specific CD4" T cell recovery is associated with
lower risk of HCMV viraemia and disease. However, most of these studies have focused on using
HCMV-specific CD4™ T cell recovery as a monitoring tool for predicting the risk of developing
HCMYV disease [75,76,351,498], and have used cytokine production (most commonly IFN-v or
IL-2) in response to CMV lysate, peptide pools, or virally infected dendritic cells as a surrogate
marker for the effectiveness of the CMV-specific CD4" response. However, there are other
antiviral mechanisms of CD4™ T cells as described in Section 1.2.3 above, and it must be
remembered that such measurements do not reflect the complete spectrum of the CD4*T T

cell response to HCMV.

Table 1.7: CD4* T cell recovery and CMV reactivation in solid organ transplant recipients

Organ Test used Findings Refs

Symptoms of CMV preceded by
decrease in CMV-specific CD4* [515]

T cell frequencies

Kidney Staining for CD69 and
(76 R*, 66 R) IFN-v to CMV antigen

Staining for CD69 and
Kidney IFN-v to CMV fibroblast
(48 R™, 25 DTR") lysate/pp71 and pp65
peptide pools

pp65 CD4™ T cell responses
above 0.03% associated with [145]

lower risk of CMV replication
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Table 1.7 continued from previous page
Organ Test used Findings Refs
No association between
_ ICS for IFN-v to AD169 .
Liver presence of CMV-specific CD4™"
lysate or pp65/IE1 [319]
(17 D™RY) S T cells and development
peptide library _ _
of CMV viraemia
_ Polyfunctional CD4" T cells
Liver IFN-~ and/or IL-2 and/or _
occur at lower frequency in
(29 D*R* or CD69 to AD169 lysate or [410]
. those who eventually develop
D*R or D-R™) pp65/IE1 peptide pools ) i
CMV viraemia
Staining for IFN-y »
Presence of HCMV-specific
20 heart, 9 lung, response on exposure to _
_ _ _ CDA4* T cells less likely to [186]
9 kidney DC infected with VR1814 ) o
. require antiviral treatment
HCMYV strain
Staining for IFN-
b 7 Presence of CD4" and CD8*
58 heart, 24 lung, response on exposure to . .
_ _ _ > 0.4/uL protective against [185]
52 kidney DC infected with VR1814 )
) HCMYV disease
HCMYV strain
) . Presence of any cell-mediated
46 kidney, 39 liver, ICS for CD69+/IFN-y to _ _
: immunity response protective [498]
10 heart pp65/1E-1 peptide pools ) )
against CMV disease
Staining for IFN-vy Lower number of
12 heart, . )
) response on exposure to HCMV-specific CD4™ T cells in
40 kidney ) . ) o [351]
(all R*) DC infected with VR1814 patients with high load of CMV
a
HCMYV strain viraemia
9 heart, 8 lung, Staining for IFN-vy Protection from HCMV asso-
3 kidney response on exposure to ciated with presence of response [345]
(D*R, DR or  DC infected with VR1814 against multiple viral proteins,
D*R™) HCMV strain but not pp65 or IE-1 only
Liver >2 of IFN-v, IL-2, CD4" T cell responses to pp65
(25 D*R, 24 R*  TNF-ar or CD109a to IE1  or IE1 not predictive for late [353]
controls) or pp6b peptide libraries stage CMV disease

1.2.7.2 In haematopoietic stem cell transplant recipients

In haematopoietic stem cell transplant (HSCT) recipients, the highest risk of CMV viremia

and disease occurs in the reactivation of latent infection in R* patients due to the ablation of

their existing CMV specific T cell response. In particular, D'R™ recipients are at a higher risk

than DTR™ patients, as reactivation of latent disease in the sero-positive recipient will appear
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as a primary CMV infection to the naive lymphocytes transplanted from the sero-negative
donor [227,597].

Use of CD4+ T Cell response to predict risk of HCMV Viremia or disease, and the

relationship to end-organ disease

Similar to that which occurs in solid organ transplant recipients, recovery of HCMV-specific
CD4™ T cells in haematopoietic stem cell transplant recipients often heralds the recovery of
cell-mediated immunity and improved clinical outcomes. Table 1.8 lists publications of the
observations of CD4" T cell recovery and association with HCMV viraemia or disease. Earlier
studies looked at the association of absolute CD4" T cell recovery, while later ones looked at
CMV-specific CD41 T cell response.
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Table 1.8: CD4* T cell recovery and CMV reactivation in haematopoietic stem cell transplant recipients

Patient characteristics

Test used to detect
CMV-specific T cells

Findings

Refs

63 allogeneic BMTs

71 T cell-depleted BMTs

48 allogeneic HSCTs
(27 R*D*, 6 RDT,

15 R*D")

57 paediatric allogeneic
HSCTs (28 DR,

11 D'R*, 18 D*R", 4 D'R")
45 adult allogeneic
HSCTs (28 DR,

9 DR*, 8 D'R)

36 allogeneic HSCTs
(29 DR, 6 D'RT,

1 DR)

32 adult allogeneic
HSCTs

133 adult HSCTs

(77 D*RT, 46 D'RY,
10 D*R")

Not stated

Not stated

ICS for IFN-~ response to AD169

antigen

ICS for IFN-~ to VR1814-infected
DCs

ICS for IFN-y/IL-2 to
VR1814-infected DCs

ICS for IFN-~ to pp65 and IE1

ICS for IFN-y/IL-2 and CD697 to
pp65/1E1/pp50

ICS for IFN-~ to pp65 and IE1

Decrease in CD4" T cells numbers to <100/l 49 days after

BMT was 100% predictive for the development of CMV disease

Life-threatening opportunistic infections occurred

exclusively in patients whose CD4" counts were <200 cells/ul

Patients with CMV-specific CD4™ T cells at 4 weeks had
lower peak CMV viral loads

1 HCMV-specfic CD4™ T cell/ul of blood protective against
recurrent HCMV viraemia

1 HCMV-specfic CD4™ T cell/ul of blood predictive for
spontaneous control of HCMV

CMV-specific CD4" (and CD8) T cell counts higher in

those who do not develop CMV viraemia

Lower frequency of CMV-specific CD4*" (and CD8") T cells
associated with >1 CMV reactivation episode

>1.2 CMV-specific CD4" T cells/pul of blood protective for

CMYV reactivation episodes

146]

37]

[31]

[349]

[346]

[544]

[452]

[584]
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Table 1.8 continued from previous page

Patient characteristics

Test used to detect L
Findings Refs
CMV-specific T cells

63 allogeneic HSCTs
(46 D*R*, 17 D'R™)

Recurrent CMV infections and disease associated with
persistently low levels of total CD4™ T cells and <1 cell/ul of [178]
blood of HCMV-specific CD4™ T cells 6 months post-transplant

IFN-7/IL-2/TNF-« response to
VR1814-infected iDCs

1 J91dey)
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One finding of note is that one study found that levels of HCMV-specific CD4" T cells
above 1 cell/ul was not protective of development for late-stage HCMV gastro-intestinal
disease, although all these patients were receiving immunosuppressive treatment at time of
diagnosis [178].

Kinetics of recovery of HCMV-Specific CD4" T cell numbers and the impact of
prophylaxis and use of G-CSF on CD4* T cell recovery

It has been theorized that HCMV reactivation causes activation of T cells, and this leads
to an early expansion of T cells and faster reconstitution of T lymphocytes. In a study of
34 pediatric patients who underwent allogeneic BMT, the authors found that children with
HCMV reactivation had a higher probability of reaching the 5th percentile of total CD4*" T
cells of an age-matched healthy population [129]. This was also seen in a study of 201 adult
R* allogeneic non-T cell-depleted peripheral blood stem cell or bone marrow transplants [215].
CMV-specific CD4™ T cell responses, as measured by a lymphoproliferative response to CMV
lysate, were significantly better in patients who developed breakthrough CMV antigenemia
despite ganciclovir prophylaxis, versus those who did not. However, a complicating factor is
the use of high-dose steroids for treatment of graft-versus-host disease (GVHD). When the
sub-group of patients who developed breakthrough CMV antigenemia were analyzed, 100%
of patients without GVHD had better recovery of the CMV-specific CD4" T cell response
compared to patients who received high-dose steroids. They thus concluded that high-dose
steroids can override this inducing effect of breakthrough CMV antigenemia on the CMV-
specific CD41 T cell recovery [215].

Emergence of CMV specific CD4™ T cell responses prior to the CD8" T cell response
has been shown, in a primary model of infection in solid organ transplant patients, to be
associated with a lack of overt CMV disease [180, 181,478, 479]. In HSCT patients there
is evidence that recovery of CD4" T cells before CD8" T cells may assist with priming the
CD8* T cell response via “licensing” of dendritic cells. Dendritic cell licensing refers to the
phenomenon of upregulation of MHC class | and costimulators CD80/86 on dendritic cells
after antigen presentation to CD41 T cells via MHC class Il and CD40-CD40L interactions
have occurred. In this way, dendritic cells are able to present antigen to, and activate, CD8"
T cells, and this allows for tighter regulation of CD8" T cell activation [575]. In a study of 6
seropositive recipients of cord blood transplants, the appearance of CMV-pp65-specific CD4*
T-helper cells preceded an expansion of CMV-specific CD8" T cells. When co-cultured with
CD8™ T cells alone, these pp65-specific CD4™ T cells did not induce cytokine production by
CD8* memory T cells, but when done so in the presence of dendritic cells loaded with pp65,

there was activation of these CD8" memory T cells [165].

There has also been the suggestion that ganciclovir prophylaxis delays recovery of CMV-
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specific CD4" (and CD8") T cell responses possibly due to a decrease in viral replication,
resulting in late-onset CMV disease [341]. This observation has led to the development of
pre-emptive instead of prophylactic use of antiviral drugs in patients. However, in a large
study of 201 R™ allogeneic HSCTs [215], there was no significant difference on CMV-specific
CD4™" T cell recovery between patients who received prophylaxis versus pre-emptive treatment
with ganciclovir, the authors suggest this may be driven by sub-clinical reactivation of the
virus despite ganciclovir treatment. The impact of antiviral treatment resulting in decreased
T-cell responses to HCMV stimulation has also been observed in paediatric allogeneic-HSCT
patients. A study of 30 allogeneic-HSCT patients showed that the patients who received
anti-CMV chemotherapy because of prolonged viremia had lower HCMV-specific CD41 T cell
numbers and delayed and depressed lymphoproliferative responses to HCMV stimulation [206].

The use of peripheral blood stem cells (PBSCs) for transplantation improves survival in
patients with high-risk haematological malignancies compared with the use of bone marrow
(BM) as a stem cell source, because PBSC products from donors who have received G-CSF
contain higher numbers of T cells and monocytes. However, PBSC recipients saw an in-
creased incidence of early HCMV reactivation and delayed recovery of HCMV-specific immune
responses, with a corresponding lower number of HCMV-specific CD41 T cells (as measured
by limiting dilution assay and CMV-specific cell lysis) in the stem cell product [208]. This may
be as a result of G-CSF administration to the donor, which is given in order to mobilize stem
cells to migrate to the peripheral blood, but can also cause the reactivation of HCMV from
latency. However, a subsequent study showed that although a reduced diversity of the TCRj
repertoire of CD4™ T cells was significantly correlated with HCMV (and EBV) reactivation,
administration of G-CSF did not change this repertoire [486]. A recent study that measured
the frequency of CD4™ T cells in recipients of PBSC grafts that produced IL-2, IFN-~, or
TNF-« in response to incubation with a HCMV lysate also did not find a deficiency in these
cell responses compared to BM recipients [615]. In fact, these recipients of PBSC grafts had
faster T cell reconstitution, including more naive CD41 T cells. Therefore, more studies are
required to determine if the apparent increased risk of HCMV reactivation with G-CSF use

warrants a more cautionary use of this product.

Investigations of the recovery of CMV specific CD4™ T cells in HSCT patients demon-
strated that there are different kinetic patterns that result in the recovery of the CD4™ T cell
response: (i) rapid expansion of IFN-v-secreting T cells within the first week after initiation
of pre-emptive therapy concomitant with rapid clearance, (ii) early expansion of a lower mag-
nitude than that seen in rapidly cleared episodes, and (iii) an inconsistent or lack of expansion
associated with persistent CMV DNAemia [585]. The reconstitution of HCMV-specific CD4*
T cells can also be stratified by donor and recipient serostatus—recovery is fastest in DTRT,
followed by D"R™, and is slowest in D*R— populations [346]. In fact, in D*R™ patients,
it appears that the reconstitution kinetics of HCMV-specific CD4" T cells are the same as
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HCMV-specific CD8" T cells [171]. It is important when interpreting these results to re-
member that reconstitution of CMV specific CD4" T cells is not equivalent to recovery of a
fully functional CMV specific CD4™ T cell response. Measuring whether there is a lympho-
proliferative response to CMV antigens is possibly more reflective of the actual ability of the
T cells to prevent HCMV reactivation and disease. Early studies in allogeneic bone marrow
transplant patients showed that up to 30% of recipients with a lack of a CMV-specific CD4*
lymphoproliferative responses by day 120 post-transplant develop CMV disease [311]. When
HCMV-specific CD4™ T cells in paediatric allogeneic HSCT recipients were examined for both
IFN-~ and proliferative responses, there was first a recovery of the IFN-~+ response before the
proliferative response [206]. This is also seen in primary HCMV infection, where development
of the lymphoproliferative response to HCMV is delayed compared to the development of CD4*
and CD8 IFN-v-producing T cells [168].

Surface markers of HCMV-Specific CD4" T cells in transplant recipients

Alongside measuring HCMV T-cell reconstitution in HSCT recipients, some studies have
assessed whether the presence of polyfunctional HCMV-specific CD4" T cells, measured by
an ability to produce both IFN-v and IL-2 in response to HCMV, corresponds with protection
from HCMV reactivation [346]. IL-2 is a cytokine which can have multiple effects on CD4"
T cell immune responses, including modulating the development of T cells into memory sub-
sets. It signals to the T cell via binding to the IL-2 receptor, a complex consisting of three
chains, termed o (CD25), § (CD122), and v (CD132) [343]. Other phenotypic markers and
characteristics of CD4" T cells have been found in patients with CMV reactivations, and is

presented in Table 1.9.

Table 1.9: Implications of surface markers of CD41 T cells in transplant recipients

Surface marker/ Type of CD4*

Secreted cytokines T cell

Association Refs

Independent risk factor for
CMV reactivation

Reduced CD25Mieh [263]

Found in patients with

CD107a and CD40L PCR-positive reactivations, and  [314]
higher antigen load

[75,76,134]

CD27-CD28 Cytotoxic T cells  Found in SOTR
[599, 600]
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Table 1.9 continued from previous page

Type of CD4*
T cell

Surface marker Association Refs

PD-1 and CTLA-4 expression
on CD27°CD28 CD4™ T cells
PD-1 and CTLA-4 associated with viraemia (this [134]
study includes dialysis patients
with CMV reactivations)
Conversion from

Ratio of IL-2 to IFN-~
effector memory

IL-2 production increases with time [452]
to central
post-transplant
memory
Progressive loss of CD31TCD4"
Thaive cells in those with
Progressive loss of Loss of Tpaive naive o [558]
HCMV reactivation & reversal
CD31 cells

of CD4:CD8

1.2.7.3 Lessons learnt from adoptive transfer therapies

Adoptive immunotherapy has been used as a treatment option for transplant recipients with
HCMYV disease not amenable to antiviral therapy, or for patients unable to tolerate antiviral
drugs. It was initially trialled in 1995 in a cohort of bone marrow transplant recipients, [616]
and since then there have been multiple other phase 1 and 2 clinical trials performed [194,385,
598]. The method of treatment, in principle, involves generating HCMV-specific T cell clones
and infusing them into the transplant recipients. The long lag time and cost of generating
these clones has meant that this treatment option is instituted only when other modes of
treatment have failed or are unsuitable. In SOT recipients, the challenge of autologous adoptive
T cell therapy is to be able to generate a sufficient number of CMV-specific T cells from
the immunosuppressed recipients. Multiple case reports performed in mostly lung transplant
recipients appear to have shown potential [68,238,438], though there has been just one clinical
trial of autologous CMV-specific T-cell therapy in SOT recipients so far [538].

Some lessons have been learnt from these trials of adoptive T cell therapy. In the initial
published trial, only clones of CMV-specific CD8" T cells were infused into the recipients.
These CD8™' T cell clones were generated by co-culturing peripheral blood mononuclear cells
(PBMCs) from the donors with autologous fibroblasts infected with the AD169 strain of
CMV. These PBMCs were then depleted of CD4" T cells before being grown up in culture
and then infused into the recipients. The results showed that patients who had a progressive

decline in cytotoxic T cell activity were deficient in CMV-specific CD4" T cell responses,
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which suggested that CD4™ T cells were required to maintain the population of CMV-specific
CD8" T cells [616]. Of note, however, is that this decline in cytotoxic T cell activity was an
in vitro finding, and no CMV viraemia nor CMV disease developed in any of these patients,
although the trial was designed to assess safety as opposed to efficacy of this treatment
modality. Following this finding, there was a change of approach in subsequent trials, and
preparation of the T-cell infusions involved pulsing donor dendritic cells with CMV antigen,
then co-culturing the PBMCs and subsequently selecting for CMV-specific T cells, resulting
in infusions containing both CD8" and CD4" CMV-specific T cells. Though not all the trials
evaluated if the infusions consisted of more CD8" or CD4™" T cells, in those that did, there
appears to be a predominance of CD4" T cells [13,147,337]. One study has assessed the
functional and phenotypic characteristics of CD4™ T cells generated this way, and showed that
these T cells expressed the T,1 transcription marker T-bet, and were able to lyse iDCs that
had been infected with NEWT-strain HCMV via a perforin-mediated pathway [218]. Another
has found that there was a much higher degree of expansion and expression of T .. stem cell
phenotype(CD62LTCD45RA™) when using IE1 (1- to 961-fold) as compared to pp65 (1-to
33-fold) [13].

Of recent interest has also been the use of stored CMV-specific T cells from third-party
donors for T cell therapy. This involves generating virus-specific T cell lines (VST) from
pre-selected donors and expanding these VSTs ex vivo. These T cells are then cryopreserved,
and, when needed for patients with refractory viremia, a VST from a HLA-matched donor
can be used "off-the-shelf”. The advantage of such an approach over using VSTs from a
specific donor is that it eliminates the usual 2-3 week waiting period needed to generate a
VST. So far, there have been just 3 prospective trials examining the use of VSTs in patients
with intractable CMV disease [333, 412, 646], which have shown that VSTs are a feasible
option in these patients. One of these trials [646] examined the phenotypes of CD8" and
CD4™ T cells in these patients post-VST infusion, and demonstrated that CD4™ T cells were
predominantly effector memory cells (CD45RA"CD62L"), whereas CD8" T cells showed a shift
in phenotype from effector memory (CD45RA CD62L") to terminally differentiated effector T
cells (CD45RATCD62L"). Interestingly, of these 3 studies, the group which showed the poorest
rate of complete response to therapy ( [412], ~50% compared to >70% in [333, 646]) used
an expansion of CMV-specific CD8" T cells, in contrast to the other 2 groups which used an
expansion of cytotoxic T lymphocytes. This would appear to suggest that the presence of CD4*
T cells in the VST infusion were crucial to providing to a more robust immune response to
CMV in these patients. In addition, a recent retrospective study of allogeneic HSCT recipients
who received CMV-specific cytotoxic T lymphocytes for refractory CMV disease showed that
patients with a baseline CD4" T cell count of >50 x 10° cells/L were more likely to respond
to therapy and had a superior odds of survival [154], which suggested that a baseline CD4"
T cell response was needed to mediate a more durable immune response. However, so far no

studies have explored possible explanations for these trends.
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1.2.7.4 In congenital HCMV

The risk of transmission of CMV from mother to foetus, resulting in congenital CMV
infection, is highest in primary infection in the mother, with reported ranges of approximately
40% [174]. However, transmission of CMV to the foetus can also occur in mothers who
are seropositive, albeit at much lower rates [69,295]. These were initially thought to occur
as a result of reactivation of latent virus, although more recent studies have suggested that

infection with a serologically distinct strain of HCMV may be a cause as well [489, 649].

The kinetics of the development of an antibody response during primary HCMV infection
in pregnant versus non-pregnant women appear to be comparable [481], but pregnant women
having a primary infection appear to have a decreased CD4" lymphoproliferative response to
CMV lysate and IL-2 production for at least 9 months after infection [169]. Mothers that do
not transmit CMV to the foetus are more likely to have an earlier and higher lymphoproliferative
response of CD4™ T cells to HCMV [169,481], with some observations that the CD4™ response
develops earlier than the CD8" lymphoproliferative response [347]. The CMV-specific CD4*
T cells of mothers who did not transmit had higher percentages of IL-7RP° [386], CD45RA™
[169], and IL-2 [168]. When compared with healthy sero-negative pregnant mothers, the CD4*
T cells of seropositive pregnant women had higher levels of IFN-v and TNF-a production in
response to exposure to CMV antigen, but this response was less than in healthy, non-pregnant

seropositive females [177].

Decreased cytokine production following stimulation with CMV antigens is also seen in
infants with congenital CMV. An analysis of seven infants with congenital CMV infection
showed a lack of production of IFN-~, IL-2, and IL-4 from CD4*" T cells on exposure to pp65-
derived peptide [225]. Other early studies made the observation that symptomatic children
with congenital CMV had higher percentages of CD4* T cells that produced IFN-y and TNF-«
in response to CMV antigen, though there was a limitation of small sample sizes [177,414],
and a later study of the response of CD4" T cells from congenitally infected infants showed
they had a reduced polyfunctional response (defined as >2 out of CD107, MIP1j3, IFN-v,
and/or IL-2) to pp65 antigen [190].

A comparison of congenitally infected neonates and their mothers showed that neonatal
sera contained significantly higher levels of IL-8 when compared with their mothers, and also
had increased levels of IL-2, IL-12, and IFN-vy with a corresponding lack of IL-4, suggesting a
predominantly Ty,1 response [224]. There may also be extrapolations that can be made from
studies of HIV-positive mothers co-infected with HCMV. A maternal CD4" T cell count of
<200 cells/pul is associated with higher risk of transmission to the fetus [182]. Retrospective
studies of infants born to HIV-positive mothers showed that, if their mothers received full
anti-retroviral prophylaxis, they had higher CD4" T cell counts [377] and were less likely to
have congenital CMV [209].

A large Swedish study of infants up to 2 years of age with congenital CMV infection found
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that they had CMV-specific CD4" T cell responses (measured by IFN-v) that were inferior
compared to adults during the first 3 months of age, though this difference was not significant
by the age of 24 months [344]. This was in contrast to the CD4" T cell responses in 8
adults with primary CMV infection, which was high initially and then subsequently decreased.
This increase in CMV-specific CD4™ T cells appears to be approximately linear [100]. The
slower increase of CD4™ T cell function may explain the longer duration of viral shedding
seen in neonates and children [82,589], and illustrates the important role CD4™ T cells play
in controlling CMV disease. In addition to causing a slower increase of fetal CD4™ T cells,
CMV infection in utero also appears to cause an oligoclonal expansion of CD4™ T cells in the
infected newborn. Higher frequencies of CD27-CD28 CD4™ T cells were detected in newborns
with congenital CMV, with decreased expression of CCR7, IL-7R and increased expression of
CD57 and the transcription factor T-bet and chemokine receptor CCR5, indicating T,,1 and
cytotoxic T cell phenotypes. They also had a higher expression of the PD-1 inhibitory receptor,
a similar profile to that seen in exhausted T lymphocytes [246].

The importance of CD4™ T cells to generate a sustained and protective response to CMV is
also seen in vaccine studies. In the rhesus model of CMV, rhesus macaques that received CD4*
T-cell-depleting antibody had fetal loss or infant rhCMV-associated sequelae [55]. A phase
2 clinical trial for a gB-based vaccine with MF59 adjuvant showed an efficacy of 50% [428],
and subsequent analysis of the immune response showed that there was not only an increase
in antibody production but there also an increase in gB-specific CD4™ T cell proliferation and
IFN-~ production after vaccination [494], suggesting that, just like in primary infection [180],
the formation of effector memory CD4" T cells was needed for an effective and sustained

immune response to CMV.

1.2.7.5 Lessons learnt from murine models

Whilst many murine studies have illustrated the essential role CD4™ T cells play in resolving
CMV disease, there are limitations to these studies. During acute MCMV infection in mice,
the CD4" T cell response peaks early and then contracts sharply to very low levels, and is
dominated by high frequencies of IFN-y and TNF-« double-producing CD4™ T cells [24,619].
These MCMV-specific CD41 T cells accumulate in the spleen and lungs of infected mice and
produce multiple cytokines—IFN~, TNF, IL-2, IL-10, and IL-17 [24]. In the lungs of infected
mice, nodular inflammatory foci form around infected cells, which contain CD8" and CD4* T
cells and exert viral control via IFN-7 and perforin [366]. However, in the context of suppressing
viral reactivation, CD4" T cells appear to be less essential, as experiments in a B cell-deficient
mouse model have established a hierarchy of CD8" T cells being more crucial to suppressing
viral reactivation compared to CD4™" T cells [447], with viral control and expansion of these
MCMV-specific CD4" T cells being dependent on CD27-CD70 co-stimulation [634].

There is also evidence for cytolytic activity of CD4™ T cells in the MCMV model. MCMV-
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specific CD4™ T cells that had high levels of granzyme B expression were able to lyse infected
target cells in the BALB/c mouse liver. In addition, CD4™ T cell epitope vaccination of
immunocompetent mice reduced MCMYV replication in the same organs where this cytotoxic

activity was seen [606].

Approaches to examining the role of CD4" T cells in MCMV infection

There have been multiple approaches to interrogating the role of CD41 T cells in the
control of MCMV infection. The first approach involved depletion of CD41 T cells. This was
initially achieved through injecting mice with anti-CD4" (L3T4) antibodies. Early studies using
anti-CD4" monoclonal antibodies to deplete CD4™ T cells showed that the BALB/c strain of
mice had delayed clearance of replicating virus, but were still able to generate protective CD8"
effector T cells and restrict viral replication to the acinar cells of the salivary glands [272]. This
finding was repeated in a later experiment using a different mouse strain, C57BL/6, where
mice depleted of CD4" T cells were unable to control chronic viral replication in the liver and
salivary glands [619]. Subsequently, it was demonstrated that MHC class | and Il expression
was detectable only at low levels in salivary gland cells and that antigen-presenting cells in the
salivary gland were deficient in cross-presentation to CD8% T cells, thus control of MCMV
replication in the salivary gland was likely to be due to CD4™ T cells that had been selectively
induced by antigen-presenting cells in the salivary glands [617]. These MCMV-specific CD4* T
cells produce IL-10, which in turn is induced by IL-27, and these cytokines promote persistence
of MCMV in the salivary glands [244,630].

Another approach involved generating knockout mouse models—CD4 /- and MHC II- /-,
One major difference between these two lines is that CD4 /- mice are able to generate isotype-
switched antibody responses. This is achieved via a population of CD8CD4 T cells that
are capable of adopting some of the function of T-helper cells, such as mediating antibody
class switching [359, 460] and supporting somatic hypermutation and affinity maturation of
germinal center B cells [659]. There also exists a population of MHC class Il-restricted T cells
that are misdirected into the CD8 lineage [382,590]. In contrast to the mice depleted with
anti-CD4" T cell antibodies, when CD4"/~ mice were infected with MCMV, these mice were
able to clear viral infection in all organs, albeit at a slower rate (of 200 to 400 days post-
infection) than wildtype controls [617]. A possible reason for this difference is that the viral
loads in the organs of the CD4"/~ mice were observed for much longer periods than the earlier
studies. When MHC II"/~ mice were infected with MCMV, they were not able to eliminate viral
replication. As MCMV-specific antibodies were previously shown to inhibit viral dissemination
during MCMYV infection, the authors surmised that the inability to generate isotype-switched
antibody responses was the likely reason that CD4 /- but not MHC I/~ mice were able to
halt active MCMV replication [273,645].
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It thus appears that CD4' T cells are not essential to elimination of actively replicating
MCMV. To examine if CD4" T cells provide assistance to CD8" T cells in clearance of
replicating virus, CD4" /- mice were infected with MCMV, and the percentage of CD8" T cells
that recognized various MCMV epitopes were measured at multiple time points post-infection.
The results showed that only accumulation of the late-appearing IE3-specific CD8" T cells
was substantially impaired, suggesting that the help that CD4" T cells provide to CD8" T
cells is limited to assisting in the expansion of only a limited subset of MCMV-specific CD8*
T cells [542]. A caveat of interpreting this result was that only very limited epitopes (M45,
M38, m139, and IE3) were tested, and with the knowledge that a large repertoire of epitopes

are recognized by T cells, perhaps more extensive testing needs to occur.

CD4* T cell help provided via MHC class Il expression is also needed to maintain a stable
CD8* T cell memory pool, although ongoing lytic viral replication is partially able to provide
this assistance as well. When splenic CD8% T cells from CD4-deficient MHC I/~ mice that
had been chronically infected with MCMV were transferred into mice that were then infected
with MCMV, the CD8" T cells from MHC II"/~ mice proliferated much less vigorously than
CD8™ T cells from wildtype mice [618].

A third approach involved using adoptive transfer techniques, which can help to inform
the equivalent adoptive transfer T cell therapies employed in transplant patients. Early studies
of transfer of CD41 T cells into irradiated BALB/c mice that were subsequently infected
with MCMV showed that CD4% T cells were not able to prevent viral replication in the
lungs [469,470], spleen or adrenal glands [468]. Later studies using the same murine system
also demonstrated that controlling CMV-mediated lung disease in treated mice required CD8"
T cells rather than CD4*" T cells [445,552]. However, when adoptive transfer was performed
in severe combined immunodeficiency (SCID) mice, CD4" T cells were able to prevent viral
dissemination in the brain [480]. Overall, therefore, CD4™ T cells appear to be essential only

for control of viral replication in the specific organs in the mouse model.

Caveats to interpreting MCMV models

Limitations exist in extrapolating the findings in murine models of cytomegalovirus infec-
tion, due to the underlying differences between murine CMV infection and HCMV [338]. In
an early mouse model of adoptive immunotherapy, transfer of CD4" T cells into irradiated
and MCMV-infected mice did not reduce viral titers in the lungs, spleen nor adrenal glands of
these mice. In contrast, transfer of CD8" T cells had significant reductions in viral titers [468].
When graded numbers of CD4" T cells were transferred with a constant number of CD8" T
cells, there was no difference to viral titers either (suggesting no helper effect). However, as
already discussed it is clear that in the case of HCMV infection CD4" T cells are a necessary

component of CMV T cell therapy.
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There have thus been attempts to create a “humanized” mouse model of CMV infection,
by generating an immune-deficient mouse with a mutation in IL-2 receptor ~-chain locus
(IL-2yc =/7) that is severely impaired in generating mouse B, T and NK cell lines (reviewed
in [116,522]). When these mice were engrafted with human haematopoietic progenitor cells,
they were able to reconstitute monocytes, macrophages and limited T-cells. This model was
further refined by reconstituting these mice with human foetal bone marrow, liver and thymus
tissue [115]. Latent infection of these mice was able to induce generation of central and
effector memory HCMV-specific T-cells and produce HCMV-specific IgM and IgG neutralizing
antibodies [117]. Adoptive transfer of CD4" T cells in such a model has shown that these
CD4* T cells did not have an antiviral effect on their own, but when co-administered with
CD8* T cells, they appeared to enhance the antiviral efficacy of CD8* T cells and significantly

decreased viral titers in the spleen and lungs [579].

1.3 Plasmacytoid dendritic cells (pDCs)

Plasmacytoid dendritic cells (pDCs) were first described in the 1950s as a cell type found in
T cell zones of human lymphoid tissue that were similar to plasma cells but lacking B cell and
plasma cell markers [339]. They were subsequently identified in human peripheral blood [415]
and tonsils as a subset of CD11lc dendritic cells that were able to differentiate into DCs
with mature morphology [205], and eventually discerned to be the cells responsible for type |

interferon production in peripheral blood in response to most viral infections [94,261,523|.

1.3.1 Surface markers to identify pDCs

Dendritic cells are identified by being HLA-DR™ with a lack of “lineage” markers, (i.e.
negative for lineage markers of T cells, CD3"; B cells, CD19°CD20"; NK cells, CD16"CD56;
and monocytes, CD14") [104], and plasmacytoid dendritic cells are further identified from
dendritic cells by being CD11c’, CD123", CD303" and CD304" [142,260,371]. CD303 (also
known as blood dendritic cell antigen 2, BDCA-2) and CD304 (neuropilin-1) were initially
described to be specific for plasmacytoid dendritic cells (pDCs) [142], but a recent single-cell
RNA sequencing analysis found that there was an overlap in expression of CD303 and CD304
between the myeloid cDC precursor component and pDCs, although only pDCs were found to

be the cells that expressed those markers in the highest amounts [107, 608].

1.3.2 Roles in antiviral immunity

pDCs utilise multiple pathways to detect viral infection: the endosomal toll-like receptor
(TLR)7/9-MyD88, a pathway which is exclusively used by pDCs [193,276]; TLR9 coupled
to interferon-regulatory factor 7 (IRF7) [240,291,519]; and TLR9 coupled to nuclear factor
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k-light-chain-enhancer of activated B cells (NF-xB) leading to tumour necrosis factor (TNF)
and IL-6 production (reviewed in [193]). These culminate, ultimately, in cytokine production—
primarily type | interferons, but also IL-6, IL-12, IL-18 and various other chemokines [563].

Cytokine production by pDCs have wide-ranging effects on innate and adaptive immunity
[108,563]. On NK cells, type | interferons from pDCs activate NK cell cytolytic activity
[588], protect uninfected cells from NK-mediated lysis [36], and induce IFN-y production in
NK cells. On T cells, type | interferons from pDCs induce activation markers, long-term T
cell survival, IFN-v production and Ty1 differentiation (reviewed in [9]), while on DCs, they
promote differentiation, maturation and immunostimulatory functions [503]. They also induce
B cell differentiation into plasma cells and stimulate production of immunoglobulin, particularly
lgG [264,446]. A summary of pDC functions is shown in Fig.1.9.

REDACTED

Figure 1.9: Summary of functions of pDCs

APRIL = A proliferation-inducing ligand; BAFF = B-cell activating factor; CCL = C-C motif
chemokine ligand; ICOSL = inducible T-cell co-stimulator ligand; IDO = indoleamine
2,3-dioxygenase; INKT = invariant natural killer T cells; OX40L = OX40 ligand; PDL1 =
programmed death-ligand 1; TRAIL = TNF-related apoptosis-inducing ligand. Figure from Swiecki,
et al. [563]
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Chapter 1 1.3

1.3.3 Plasmacytoid dendritic cells and HCMV

Plasmacytoid DCs do not appear to support direct HCMV infection as compared to con-
ventional DCs [96,604], but consistent with their role as the major producer of type | interfer-
ons in response to viral infections, pDCs respond to HCMV-infected cells by secretion of large
amounts of IFN-« [318,657], a process which is inhibited by cmvIL-10 [96]. Supernatants from
pDCs co-cultured with TB40/E HCMV appear to be able to activate and induce B cell prolifer-
ation [604], and co-cultures of NK cells with pDCs exposed to CMV-infected MRC5 fibroblasts
led to activation of NK cells [657]. Given their roles in antigen presentation and production of
type | interferons, it would be expected that type | pDCs would prime and induce CD4* and
CD8" T cell proliferation. Indeed, they have been shown to do so in influenza [93,133], HIV
( [235], reviewed in [477]), and also in a graft-versus-host model of disease [310], although
this was not the case in one example of HCMV-infected pDCs co-cultured with PBMCs [604].
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1.4 Aims of the project

While there has been a large amount of work published on the association of the recovery
of HCMV-specific CD4™ T cells with improved clinical outcomes and decreased risks of HCMV
reactivation and disease, much less has been done on examining the mechanisms of how this
occurs. It has also been shown that CD4" T cells recognise a wide range of HCMV peptides,
and they can mount a cytokine response to this. However, less is known about the effects of
these cytokines on the target cells, and how these effects contribute to the overall immune

response to HCMV. The work presented in thesis aims to answer these questions:

1. Elucidate the mechanisms by which HCMV-specific CD4™ T cells exert control over viral
dissemination, expanding on the preliminary observation that CD4" cells can prevent

viral dissemination in fibroblast co-cultures.

2. Examine how the CD4" T cells of an immunocompetent host overcome immune evasion

strategies of the virus to control viraemia
3. Examine how the viral genes US2-11 contribute to immune evasion of CD4™ T cells

4. Examine the antiviral capability of CD41 T cells from a cohort of kidney and liver trans-

plant recipients using the in vitro viral dissemination assay developed in our laboratory

5. Determine if this antiviral capability is correlated with clinical viraemia or CMV disease

in these transplant recipients

6. Examine the kinetics of this HCMV-specific CD4™ T cell response, using serial results

obtained from these kidney transplant recipients
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Materials & Methods

2.1 Cell culture

2.1.1 Human foetal foreskin fibroblasts, primary dermal fibroblasts

and adult retinal pigment epithelium cells

Human foetal foreskin fibroblasts (HFFFs) (ATCC, U.K.), adult retinal pigmented epithelium-
19 (ARPE-19) (ATCC, U.K.) and primary dermal fibroblasts were from laboratory stocks stored
in liquid nitrogen . Primary dermal fibroblasts from healthy HCMV-seropositive and HCMV-
seronegative donors were previously grown from 2mm skin punch biopsies by Georgina Okecha

and Dr Sarah Jackson using a protocol published in [451].

Human foetal foreskin fibroblasts, primary dermal fibroblasts and ARPE-19 cells were grown
in 175cm? tissue culture flasks (Corning, U.K.) and maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (high glucose) (Sigma-Aldrich, U.K.) supplemented with 10% foetal calf
serum (FCS) and 100 units/ml of penicillin/streptomycin. All further experiments involving
any of these cell lines used the same media to propagate and maintain the cells throughout

the experiment duration.

2.1.2 Human umbilical vein epithelial cells

Human umbilical vein epithelial cells (HUVECs) were a gift from Jing Garland and grown
in 75cm? tissue culture flasks (Corning, U.K.) and maintained with Endothelial Cell Growth
Medium 2 supplemented with Endothelial Cell Growth Medium 2 Supplement Pack (PromoCell,

Germany).

2.1.3 Human primary dermal fibroblasts from clinical samples

To obtain the primary dermal fibroblasts from transplant recipients, a 2mm punch biopsy

of the skin was taken from these recipients and grown out in DMEM-10 to obtain primary
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dermal fibroblast cell lines following a protocol published in [450]. These were performed by Dr
Claire Atkinson from University College London, and aliquots of fibroblast lines kept in liquid
nitrogen storage until needed. When required, cells were defrosted as described in Section 2.11
below and maintained in DMEM supplemented with 20% foetal calf serum, 100 units/ml of
penicillin/streptomycin and 1mM sodium pyruvate (ThermoFisher Scientific, U.S.A.). When
in use, cells were maintained with DMEM-10 (Sigma-Aldrich, U.K.) supplemented with 10%
FCS and 100 units/ml of penicillin/streptomycin in 175cm? tissue culture flasks (Corning,
U.K.).

2.2 Virus propagation

The virus used in most of the experiments in this thesis is a bacterial artificial chromosome
(BAC)-cloned Merlin strain of HCMV. Strain Merlin was originally isolated on fibroblast cell
culture from congenitally infected neonatal urine samples from Public Health Laboratories,
Cardiff [136]. The initial prototype Merlin clone was sequenced at passage 3 and contained
a nucleotide substitution in UL128 and mutations in RL13 [12,136], the presence of which
was found to be inhibitory to growth in fibroblasts [550], but was otherwise found to match
the presumed sequence in the clinical sample, except for three non-protein-coding differences
in the b/b’ region [641]. For use in laboratory work, this Merlin strain was then edited to
contain mCherry fused to a UL36-peptide 2A sequence which is subsequently cleaved to give
mCherry fluorescence when UL36 is expressed, and an enhanced green fluorescent protein
(eGFP) fused to the C-terminus of pUL32. This virus was a gift from Dr Richard Stanton of
Cardiff University.

The other virus strain used in this thesis is the endotheliotropic and fibroblast-tropic strain
TB40/E-UL32-GFP, a gift from Dr Christian Sinzger, University of Ulm [497].

The viruses were propagated by seeding virus stock at 0.1 MOI into confluent HFFFs in
175cm? tissue culture flasks (Corning, U.K.) and rocked for 20 minutes at room temperature
before incubation at 37°C, 5% CO,. The cells were maintained with DMEM supplemented
with 10% FCS and penicillin/streptomycin. When there was >90% infection of the cell sheet,
observed either by cytopathic effect or fluorescence microscopy, media was removed and fresh
media was applied every 2-3 days until the cellular layer was destroyed. The harvested media
at each time point was centrifuged at 1600 G (ALC PK120 centrifuge, O-E24 rotor) for 25
minutes to remove cellular debris, then supernatant was stored at —80°C until all harvests were
complete. When all harvests were complete, the supernatants were pooled and centrifuged at
15000 G for 2 hours at 4°C (12000RPM, Beckman-Coulter Avanti J-25 centrifuge, JLA-16.250
rotor) to obtain the virus pellets. These were resuspended with DMEM into 100uL aliquots
and stored at —80°C until needed.

The viruses were titrated in HFFFs by the Reed & Muench method adapted by BD Lin-

44



Chapter 2 2.4

denbach [354]. Viruses were grown with the assistance of Georgina Okecha.

2.3 Viral growth and dissemination assays

For the viral growth and dissemination assays, fibroblasts were seeded in 96-well full-area
plates (Corning, U.K.) at 20,000 cells per well, or 96-well half-area plates (Greiner Bio-One,
USA) at a density of 10,000 cells per well and grown to confluency overnight in DMEM as
described in Section 2.1.1. When cells were confluent, infections were performed by adding

virus at the required multiplicity of infection (MOI), given by the following equation:

number of plaque forming units per ml x volume of virus used (in ml)

MOI =

number of cells

2.3.1 Addition of immune cells to viral dissemination assays

For viral dissemination assays, PBMCs, CD4" cells, CD8" T cells or NK cells were added
at 1 day post-infection. When using stocks from liquid nitrogen, cells were washed in DMEM
at 4°C at 757G (1800RPM on ThermoScientific Megafuge 40 centrifuge with TX1000 rotor)
for 10 minutes, incubated with Benzonase® Nuclease (Sigma-Aldrich, U.K.) for 1 hour, then
washed again and rested for 3 hours at 37°C before trypan blue staining and counting, followed
by addition of the cells at the required E:T ratios.

On the day of analysis, the cells were harvested by removing the media in the wells,
followed by washing with PBS and incubating with 0.25% trypsin for 15 minutes. Trypsin was
inactivated by adding 4% paraformaldehyde to the wells. Wells were then analysed by flow

cytometry.

The data was then plotted as graphs showing amount of infection on the y-axis, which
was either expressed as a percentage of total cells (“% mCherrytGFP™") or as a percentage
of the amount of cells in the same phase of CMV gene expression in the infected controls of
the experiment, i.e. “normalised to infected controls” (“% mCherry™ GFP~ (normalised)” or
“% mCherrytGFP™ (normalised)”). The equation below gives an example of the calculation
for % mCherrytGFP~ (normalised).

% mCherry™GFP~ cells in well
Cherry " GFP” lised) = 100
7 mCherry (normalised) Mean % mCherry*GFP- cells in infected controls 8

2.4 Cell surface staining and phenotyping analysis

Staining of cellular surface markers were performed as such: cells to be stained were
trypsinised (if they were adherent cells) before centrifugation in 3ml tubes or V-bottom plates.

Excess trypsin and media was aspirated. Normal mouse serum was added at a dilution of
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1:50 and incubated at room temperature for 10 minutes, followed by addition of cell surface
staining antibodies and incubation at room temperature in the dark for 45 minutes. Excess
antibody was washed off with PBS by centrifugation at 935G (1800RPM on ThermoScientific
Megafuge 40 centrifuge with TX1000 rotor) for 5 minutes and tipping off supernatant, followed

by fixation of cells with 4% paraformaldehyde before flow cytometry analysis.

The antibody-fluorochrome combinations used for purity analysis of CD4*, CD8" and NK
cell populations obtained from MACS and used in the VDAs in Chapters 3, 5 & 6 are listed
in Table 2.1, and those used for purity analysis of CD4% and CD14" populations used in
VDAs in Chapter 5 are listed in Table 2.2. Purity analysis of these populations was performed
with the BD Accuri™ C6 (BD Biosciences, USA) flow cytometer. Antibody-fluorochrome
combinations used for HLA-DR staining (Chapters 4 & 5) and phenotyping cell populations
isolated with CD4 MicroBeads (Section 5.5) are listed in Table 2.3.

Table 2.1: Antibody panel for post-separation analysis of purity for viral dissemination
assays with CD4* cells, CD8* T cells and NK cells

Cell surf i Vol
ell surface  Species/ Clone Fluorochrome Manufacturer olume
marker Isotype per stain (uL)
M
CD3 o€ UcHTL FITC BioLegend 2.0
lgGl, K
Mouse :
CD4 RPA-T4 PE BiolLegend 2.0
lgGl, &
Mouse ]
CD56 HCD56 PE BioLegend 2.5
lgGl, K
M
CD8a Y€ HiTsa  PerCP/Cy55  BioLegend 2.0
lgGl, &
2.0
Live-Dead - - Far Red ThermoFisher (of a 1:10

dilution in PBS)
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Table 2.2: Antibody panel for post-separation analysis of purity for viral dissemination

assays with CD41 and CD14 * cells

Cell surf: i Vol
ell surface  Species/ Clone Fluorochrome Manufacturer olume
marker Isotype per stain (uL)
M
CD3 U HIT3a AF647 BioLegend 2.0
lgG2a, K
Mouse .
CD4 RPA-T4 PE Biolegend 2.0
lgGl, K
Mouse P
CD14 61D3 FITC eBioScience 5.0
lgGl, K
M
CD8a %€ HIT8a  PerCP/Cy5.5  BioLegend 2.0
lgGl, K
Table 2.3: Antibody panel for HLA-DR staining and phenotyping cells
Cell surf: i Vol
ell surface - Species/ Clone Fluorochrome Manufacturer oime
marker Isotype per stain (uL)
M
CD3 ouse BW264/56 VioGreen Miltenyi Biotec 10
lgG2a, K
M
CD4 O OKT4 BV 605 BioLegend 2.5
lgG2b, &
Mouse )
CD11c 3.9 APC BioLegend 2.0
lgGl, K
M
CD14 O MsE2 BV 570 BioLegend 4.0
lgG2a, K
Mouse )
CD16 3G8 BV 650 BioLegend 2.0
lgGl, K
M
CD19 OB shesc1 BUV 395  BD BioSciences 3.0
lgGl, K
Mouse . : i
CD45 5B1 VioBlue Miltenyi Biotec 5.0
lgG2a, K
M
CD123 ouse 6H6 PerCP/Cy5.5 BiolLegend 4.0
lgG2a, k
M
CD303 ouse 201A FITC BioLegend 2.0
lgG2a, K
M
HLA-DR ouse 1243 PE-Cy5 BioLegend 3.0
lgG2a, K
M
HLA-DR ouse 1243 BV 421 BioLegend 2.0
lgG2a, K
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2.5 Immunofluorescence staining and image analysis

Cells were fixed with 1% paraformaldehyde for 15 minutes and permeabilised with 70%
ethanol at —20°C for 20 minutes. Cells were then incubated with 5% milk for 1 hour at
22-26°C, then milk was removed and E13 antibody (bioMérieux, U.S.A.) was added at 1:1000
dilution for 1 hour. This was followed by 3 washings with TBS Tween, then cells were
incubated for 1 hour with secondary antibody (goat anti-mouse IgGl conjugated to Alex-
aFluor 788) at 1:500 dilution with 5% milk. This was followed by two washings with TBS
Tween. PBS was then added to cells and fluorescence microscopy carried out with a wide-
field Nikon TE200 microscope with CoolLED pE-4000 as UV light source, and digital images

taken with Image-Pro Premier 9.3 software. Images were processed using ImageJ (available
at https://imagej.nih.gov/ij/).

2.6 Interferon-v treatment

Addition of recombinant interferon-y to human foetal foreskin fibroblasts (HFFFs), pri-
mary dermal fibroblasts, ARPE-19 or human umbilical vein endothelial cells (HUVECs) was
performed with recombinant interferon-y1b (Miltenyi, U.K.) at concentrations 500-6000pg/ml
added at 24 hours after seeding the cell lines in 96-well plates or 24 hours after viral infections.
On the day of addition, media was aspirated from wells and IFN-+y was added to fresh media

to achieve required concentrations before addition to wells.

2.7 Neutralisation protocols

Table 2.4 lists the antibodies used for neutralisation experiments. Concentrations used are

as stated in the text, in accordance with the manufacturer's recommendations:
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Table 2.4: Neutralisation & associated isotype antibodies

Neutralisation/ Range of
Isotype Species Clone Manufacturer concentrations
antibody used

Goat
[FN-~ G Polyclonal R&D Systems, USA 4-33.3ug/ml
g
N | Goat Goat
ormal =0s °% " Polyclonal R&D Systems, USA  4-33.3ug/ml
lgG Control lgG
M
HLADR, DP,DQ Gc;”se Tu39  BD Biosciences, UK. 10-50ug/ml
gG2a, K

Purified NA/LE Mouse

G155-178 BD Biosciences, U.K. 10-504g/ml
Mouse IgG2a, x  (BALB/c)

2.8 Flow cytometry analysis

Flow cytometry analysis of post-separation purities was performed with the BD Accuri
C6 (BD Biosciences, USA) flow cytometer. Flow cytometry analysis of VDAs and pheno-
typing analysis was performed with Attune NxT4 (Thermo Fisher Scientific, USA) and BD
LSRFortessa™ (BD Biosciences, USA) with assistance from NIHR Cambridge BRC Cell Phe-
notyping Hub. Analysis of results was performed with FlowJo version 10. In order to allow
comparison between viral dissemination assays from different donors, the number of cells in
each phase of CMV gene expression was expressed as a percentage of the number of cells in the
same phase of CMV gene expression in infected controls in the same assay (i.e. “normalised

to infected controls”). The equation to calculate this is given in Section 2.3.1 above.

2.9 Isolation of PBMC from whole blood

Fresh whole blood was obtained from HCMV-seropositive and HCMV-seronegative donors
by venepuncture and collected into 50ml centrifuge tubes containing heparin 100U/ml at a
blood:heparin ratio of 5:1. Blood was then diluted 1:2 in PBS before isolating PBMC via
Lymphoprep (Axis-shield, Oslo, Norway) density gradient centrifugation. 25ml of blood was
overlaid onto 12.5ml of Lymphoprep then centrifuged at 395G (1300RPM on ThermoScientific
Heraeus Megafuge 40 with TX-1000 Rotor) for 25 minutes with the brake off. The PBMC layer
was extracted using a Pasteur pipette and resuspended in 50ml PBS before being centrifuged
at 935G (2000RPM on ThermoScientific Heraeus Megafuge 40 with TX-1000 Rotor) for
10 minutes with the brake on. Finally, the supernatant was poured off, and the PBMC
resuspended in 50ml PBS and centrifuged at 395G (1300RPM on ThermoScientific Heraeus
Megafuge 40 with TX-1000 Rotor) for 10 minutes. PBMC numbers were then enumerated by
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haemocytometer counting of cells stained with trypan blue.

2.10 Cryopreservation of cells for storage

When PBMCs obtained from whole blood or dermal cell lines were not required for im-
mediate use, the cells were frozen for storage in liquid nitrogen by the following process: cells
were first centrifuged at 935G for 5 minutes to form a pellet. The supernatant was decanted
off and the cell pellet resuspended in freezing media (90% DMSO, 10% DMEM-10) at a con-
centration of 1 — 2 x 107 cells/ml. They were then cooled to —80°C at a rate of 1°C per

minute, and transferred to storage in liquid nitrogen after 24 hours.

2.11 Defrosting of cells for use

When cells in liquid nitrogen storage were required for use, the vials were defrosted by
warming rapidly to room temperature, either in a water bath or in the hands of the exper-
imenter. The freezing media was washed off by adding the vial of cells to 10mls of media
(DMEM-10, ThermoFisher Scientific, U.K.) and centrifuging at 757G (1800RPM on Thermo-
Scientific Heraeus Megafuge 40 with TX-1000 Rotor) for 10 minutes. The supernatant was
then decanted off and cells resuspended in the appropriate media for use. If these cells were
PBMCs or immune cells, the cell pellet was resuspended in 10mls of RPMI-1640 or TexMACS
(Miltenyi, U.K.) with 10 IU/ml of RNase-free DNase Benzonase® Nuclease (Sigma-Aldrich,
U.K.) for 1 hour at 37°C, before washing off the DNase by centrifuging for 5 minutes at 300G
and resuspending in the appropriate media. This was to minimise non-specific activation of
the immune cells due to cellular debris in the media from the defrosting process. The defrosted
PBMCs or immune cells used in the viral dissemination assays were rested overnight at 37°C
before addition to the assays. This was to ensure that any immune cells that would have died

overnight would not be added to the assays.

2.12 Cell separation using Magnetic Associated Cell Sort-
ing (MACS)

T cell, NK cell, and CD14" monocytes were obtained from PBMCs using magnetic-
activated cell sorting by autoMACS Pro Separator® (Miltenyi, U.K.). Cells were selected

either by positive selection or negative selection, as elaborated in the following sections.
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2.12.1 Positive selection

Positive selection involves selection of target population by adding magnetic beads (*“Mi-
crobeads”) conjugated to antibodies to cellular surface marker of interest. The input cell
population is washed in MACS buffer (PBS without calcium and magnesium, supplemented
with 2nM EDTA and 0.5% FCS) then resuspended in MACS buffer at concentrations as per
manufacturer’s instructions. MicroBeads are then added and incubated at 4°C for 15 minutes,
following which cells are washed again in MACS buffer before resuspension at required concen-
trations in MACS buffer and cell separation using either LS columns (Miltenyi) or autoMACS
(Miltenyi) is performed. The target population of cells is initially retained by magnetic action
of the columns and subsequent washing of the columns after release from magnetic action

allows collection of the target population.

2.12.2 Negative selection/Depletion

In negative selection, the input cells are depleted of unwanted cell populations by adding
magnetic beads (“Isolation Kits") conjugated to antibodies to cellular surface markers that are
not present on the surface of the target cell population. The input cell population is washed
in MACS buffer, then resuspended at concentrations as per manufacturer's instructions. A
two-step incubation is then performed according to the manufacturer’s instructions, involving,
firstly, addition of a biotin-antibody cocktail followed by addition of microbead cocktail. The
cells are then resuspended in MACS buffer at a required concentration and cell separation using
either LD columns (Miltenyi) or autoMACS (Miltenyi) is performed. The magnetic action of
the columns retains cellular populations to be depleted, and the target cell population is allowed

to pass through the column to be collected.

2.12.3 Selections of multiple populations of cells from a sample of
PBMC

For work involving transplant donors and healthy seropositive and seronegative donors,
it was necessary to obtain CD4" cells, CD8' T cells and NK cells from a single sample of
PBMCs. Therefore, the sequence of isolation of the various cell populations were performed as
illustrated below in Fig.2.1: after defrosting from liquid nitrogen, PBMCs were added at the
required E:T ratios to the infected wells. CD4" cells were then isolated from the remaining
PBMCs using positive selection MicroBead kits. This allowed the resultant CD4-depleted
PBMC to remain unlabelled and thus able to undergo another cell separation process. The
CD4-depleted PBMCs were then split into 2 populations in an approximate proportion of é
and % and depletion of unwanted cell populations with isolation kits was performed to obtain
CD8* T cells from the % population, and NK cells from the % population. The rationale for

1.2

splitting the cells in a 5:5 manner is due to the fact that there is usually a higher frequency
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of CD8*' T cells than NK cells in a population of PBMCs, and doing so minimises the risk of
having insufficient NK cells from the separation process. This sequence of events is illustrated

in Fig.2.1 below.

CD4%, NK cell-depleted
NK cells

//77

CD4* depleted PBMC

(
5 @
8% f
N [ N _/CES*Tce\Is and
) G < . ) NK cells isolated
4 \ _/‘ -4 by depletion
y CD4* depleted

CD4* T cells PBMC divided into : /.\

isolated with 2 input populations //.\ \ _>

positive selection \7 /f .] 6
cD8* T o

cells CD4*,CD8" -depleted

CD4* T cells PBMC

Figure 2.1: Sequence of cell isolations to obtain CD4% T cells, CD8* T cells and NK cells
from a PBMC sample

After defrosting from liquid nitrogen, PBMCs were added at the required E:T ratios to the infected
wells. CD4™ cells were then isolated from the remaining PBMCs by MACS positive selection with
CD4 MicroBead kits. This allowed the resultant CD4-depleted PBMC to remain unlabelled and
thus able to undergo another cell separation process. The CD4-depleted PBMCs were then split
into 2 populations in an approximate proportion of % and % and depletion of unwanted cell
populations with isolation kits was performed to obtain CD8' T cells from the % population, and
NK cells from the % population. Image created at BioRender.com.

2.13 Secretome preparation

To generate the PBMC or CD4™" cell secretomes, CD4* cells were isolated from PBMCs
by automated magnetic activated cells sorting (autoMACS, Miltenyi, U.K.) using CD4 Mi-
croBeads (Miltenyi, U.K.) in accordance with the manufacturer’s instructions. The purity of
the resulting CD4™ cell fraction was then assessed by cell surface staining of CD4 followed by

analysis using flow cytometry.

The PBMC and CD4" cell fractions were then added to either HCMV-infected (at high
MOI) or uninfected autologous primary dermal fibroblasts at E:T ratios of 10:1 or 20:1
in 24-well plates in RPMI media supplemented with 10% FCS and 100 units/ml of peni-
cillin/streptomycin. After one week, media was harvested from the wells and supernatant
from the wells obtained by centrifugation at 935G (2000RPM) for 10 minutes. These super-
natants were then stored at —80°C until needed.
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2.14 DNA extraction and PCR protocol

HFFFs were plated in 24-well plates at 100,000 cells/well and grown to confluency overnight
before infection with either Merlin wildtype virus or Merlin AUS2-11 virus at MOI = 0.5.
Viral DNA was extracted using QlAgen DNeasy Blood and Tissue Kit (QIAgen, U.K.) as per
manufacturer’s instructions. Briefly, cells were trypsinised (with 0.25% trypsin) and centrifuged
to a maximum of 5 x 10° cells for 5 minutes at 300G before resuspension in 200uL of PBS.
20uL of proteinase K was added before addition of 200uL of Buffer AL, followed by vortexing
to ensure thorough mixing and then incubation at 56°C for 10 minutes in a heat block. Then,
200uL of (96-100%) ethanol was added and mixed in by vortexing before pipetting into a
DNeasy Mini spin column (QIAgen, U.K.), placing in a 2ml collection tube and centrifugation
at 6000G for 1 minute. The flow-through was discarded and the spin column placed in a
new 2ml collection tube before addition of 500uL of Buffer AW1 and centrifugation at 6000G
for 1 minute. The flow-through was discarded and spin column placed in another new 2ml
collection tube before addition of Buffer AW2 and centrifugation at 20,000G for 3 minutes.
The spin column was then transferred to a new microcentrifuge tube and DNA eluted by adding
200uL of Buffer AE to the centre of the membrane, incubation for 1 minute at 15-25°C and
centrifugation at 6000G for 1 minute.

The DNA extracted was then amplified using polymerase chain reactions (BioRad S1000
Thermal Cycler). The PCR cycles were as detailed in Table 2.5. Total PCR volume was
25ul per sample, consisting of 12.5uL Biomix red (Bioline, U.K.), 6uL nuclease-free water,
0.5uL each of forward and reverse primer and magnesium chloride (Bioline, U.K.), and 5uL
of sample. The PCR products were then run on a 1.5% agarose gel. The sequences of the
primers used are as listed in Table 2.6. DNA Hyperladder IV (100-1000bp) (Bioline, U.K.)

was used as the DNA ladder in the electrophoresis gels.

Stage Temperature (°C)  Duration

1 94 1 minute
2 94 1 minute
3 Tm 30 seconds
4 72 40 seconds
5 Repeat stages 2-4  For 40 cycles
6 72 5 minutes

Table 2.5: PCR cycles
Tm = 60°C for US2, 3, 6 and 11 and 55°C for GAPDH
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Primer name Direction Sequence

us2 Forward AGCACACGAAAAACCGCATC
us2 Reverse TGCAAGGGGATGTGATCTGG
uSs3 Forward ACCGTGGATATGGTGGACAT
Us3 Reverse AACAGCAGACCCCAATTGTC
use Forward ACAACCAGCAGGGTAATCCC
use Reverse ACAAATCCCGTCCGAACGAT
US11 Forward GGCATTGATGACAGGGGGAA
US11 Reverse GTCGACTGGAGGCTCTGTG

IE1 (exon 4) Forward  CAAGAACTCAGCCTTCCCTAAGAC

IE1 (exon 4) Reverse TGAGGCAAGTTCTGCAATGC
GAPDH Forward CCACCATGGAGAAGGCTGGG
GAPDH Reverse ATCACGCCACAGTTTCCCGG

Table 2.6: Sequences of PCR primers
Expected sizes of PCR products: US2 = 270 bp, US3 = 155 bp , US6 = 226 bp, US11 = 221 bp,
IE1 (exon 4) = 72bp, GAPDH = 287 bp

2.15 Real Time-quantitative PCR protocol

A two-step qPCR reaction was used. RNA extraction from samples was performed with
RNEasy Kit using RNEasy spin columns (both from QIAgen, U.K.) according to manufacturer’s
instructions. Cells were trypsinised with 0.25% trypsin in PBS followed by addition of media
before transferring to a polypropylene centrifuge tube and centrifugation at 300G for 5 minutes.
Supernatant was aspirated before addition of RLT buffer and thorough mixing. The lysate was
homogenised by vigorous pipetting followed by 1 volume of 70% ethanol and mixing. Up to
700uL of the sample was transferred to an RNeasy spin column and placed in a 2ml collection
tube followed by centrifugation for 15 seconds at 8000G. Flow-through was discarded before
addition of 700uL of Buffer RW1 and centrifugation for 15 seconds at 8000G to wash the spin
column membrane. Following this, 500uL Buffer RPE was added to the RNeasy spin column
and the columns centrifuged at 8000G for 15 seconds to wash the spin column membrane.
The RNeasy spin column was then placed in a new 1.5ml collection tube and 30-50uL of
RNase-free water was added directly to the spin column membrane before centrifugation for
1 minute at 8000G to elute the RNA.

Removal of genomic DNA and subsequent complementary DNA was made using Quan-
tiTect Reverse Transcription Kit (QlAgen, U.K.) as per manufacturer's instructions. Briefly,
2uL of gDNA Wipeout Buffer was added to up to 1ug of sample RNA and made up to 14ul
volume with RNase-free water. This was incubated for 2 minutes at 42°C followed by placing

on ice. The reverse transcription master mix was made from 1ulL of Quantiscript Reverse
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Transcriptase, 4ulL Quantiscript RT Buffer 5x, and 1ul RT primer mix before addition of
14uL of the cleaned-up RNA sample. This was incubated for 15 minutes at 42°C followed by

incubation for 3 minutes at 95°C to inactivate the reverse transcriptase before proceeding to
RT-qPCR.

RT-qPCR analysis was performed using New England Biotech LUNA SYBR Green qPCR
reagents (New England Biolabs, U.K.). Glyceraldehyde phosphate dehydrogenase (GAPDH)
was used as reference genes and relative gene expression was analysed using 2" ACt values

(cycle threshold values). The ACt value was calculated using the equation below:

ACt = Ct value of gene of interest — GAPDH Ct value

Primer sequences are given in Table 2.7.

Primer Name Direction Sequence
UL44 Forward TACAACAGCGTGTCGTGCTCCG
UL44 Reverse ~ GGCGTAAAAAACATGCGTATCAAC
pp28/UL99 Forward TTCACAACGTCCACCCACC
pp28/UL99 Reverse GTGTCCCATTCCCGACTCG

Table 2.7: Sequences of primers for RT-gPCR
Primer sequences obtained from Omoto, et al. [418]

2.16 Cytokine quantification by flow cytometry

Quantification of absolute amounts of cytokines present in supernatants from co-cultures
was performed using the LEGENDplex™ Human Anti-Virus Response Panel (BioLegend), in
accordance with the manufacturer's instructions. This assay utilises bead populations of vary-
ing sizes and levels of APC fluorescence (“capture beads") to detect amounts of analytes in the
sample. Subsequently, biotinylated detection antibodies are added which bind to the capture
beads, followed by addition of Streptavidin-PE, which binds to the detection antibodies. The
resultant fluorescent signal thus intensifies in proportion to the amount of analytes present
in the sample. This signal is measured by flow cytometry and the specific quantities of each
analyte are determined by comparison with a standard curve. Concentrations of IFN-v, IFN-q,
IFN-3, IFN-A1, IFN-A2/3, IL-17, IL-8, IL-10, GM-CSF and TNF-« were determined using this
assay.
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2.17 Relative quantification of cytokines by cytokine ar-

ray

For detection of relative amounts of cytokines in various supernatants, a Proteome Profiler™
Human XL Cytokine Array Kit (R&D Systems) was used. This assay uses a nitrocellulose mem-
brane containing capture antibodies which bind to 105 different cytokines. Supernatants are
incubated overnight with the membranes and then biotinylated detection antibodies followed
by streptavidin-HRP and chemiluminescent detection reagents are added. This was done in
accordance with the manufacturer’s instructions. The chemiluminescent signal produced by
each capture antibody is measured on x-ray film and average mean gray values from the du-
plicate of each analyte was obtained using using ImageJ. Then, the mean intensity of each

analyte is calculated using the formula:
Mean Intensity = 255 — mean gray value

This is followed by subtraction of background mean intensity and then normalised by express-
ing it as a percentage of the mean intensity of standard reference spots provided on each

membrane.

2.18 Statistical analysis and presentation

Data was analysed and graphs were plotted using GraphPad Prism 9.0.2. For statistical
analysis, the populations to be compared were first tested to see if they followed a Gaussian
distribution. If so, a parametric test (such as Student’s t-test or one-way ANOVA) was
performed. If not, a non-parametric test (such as Mann-Whitney or Kruskal-Wallis) was
performed. Statistical significance was indicated by values of p, where * symbolises p < 0.05,
** symbolises p < 0.01, *** symbolises p < 0.001, **** symbolises p < 0.0001 and ns
symbolises p > 0.05.

2.19 Gene Ontology terms enrichment analysis

To look for enrichment of specific Gene Ontology (GO) terms in the datasets generated
from the Proteome Profiler™ Human XL Cytokine Array, the fold changes of the differences in
mean intensity of chemiluminescent signal for each cytokine analysed with the cytokine array
was calculated, and those which had a value of <1 and p value of > 0.05 were eliminated. The
resultant list was then input into the Database for Annotation, Visualisation and Integrated
Discovery (DAVID) analysis tool (available at https://david.ncifcrf.gov/home.jsp) to generate
the list of enriched GO terms.
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2.20 FluoroSpot™ analysis

The FluoroSpot™ assay is an enzyme-linked immune absorbent spot (ELISpot)-based
assay that allows quantitative measurement of frequencies of cytokine secretion of single cells.
First, the polyvinylidene fluoride (PVDF) membrane-lined 96-well plates were activated by
35% ethanol and washed 5 times with 200l of sterile water as per manufacturer’s instructions
before coating with detection antibodies to IFN-~ overnight. On the evening of the same day,
PBMCs of the donors to be analysed were defrosted, treated with DNase for 1 hour before
washing off (procedure as described in Section 2.11 above) and resting overnight at 37°C, 5%
CO, in TexMACS™ media (Miltenyi, U.K.). The next day, the PBMCs were centrifuged at
935G for 5 minutes and resuspended in fresh TexMACS™ for enumeration with trypan blue
staining. If required, the PBMCs then underwent CD4- or CD8-cells depletion by addition of
CD4 or CD8 MicroBeads (described in Section 2.12.1) to obtain the non-labelled CD4-depleted
(“CD8-enriched”) or CD8-depleted (“CD4-enriched") cell fractions. The immune cells were
then resuspended in the appropriate volume of media to achieve a target of as close to 250,000
cells per 90ul of media as possible. 90ul of immune cells were then added to the wells, followed
by the relevant peptides, mitogens (for positive control wells) or media (for negative control
wells). 90ul of cells was also stained with an antibody mix containing antibodies to LiveDead
FarRed, CD3, CD4 and CD8 before analysis with Accuri C6 flow cytometer to obtain an

accurate count of the number of CD3™ cells that had been added to the wells.

The FluoroSpot™ plates were then incubated for 48 hoursat 37°C, 5% CO, before removal
of media, washing and addition of tag-labelled secondary detection antibodies followed by
fluorescently-labelled anti-tag antibodies, as per manufacturer’s instructions. The amount of
IFN-~ secreted is then quantified by enumerating the number of fluorescence “spots” per well
with a fluorescence reader, and given as the number of “spot-forming units” (sfu) per 10°
CD3* cells added to the well. The number of “spot-forming units” per 106 CD3" cells is then

calculated using the following formula:

number of sfu per well "
number of live CD3* cells added to well

sfu per 10 CD3™ cells = 10°
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CD4™ cells control cytomegalovirus

dissemination in vitro

3.1 Introduction

As discussed in the Introduction, most early studies on the cell-mediated response to HCMV
have focused on CD8* T cells. In recent years, the importance of the contribution of CD4™ T
cells to this response has become more evident. However, most prior studies of CD41 T cells in
the context of HCMV have utilised lysate from HCMV-infected fibroblasts [355,452,453,516] or
peptide pools [119,420,421] as stimulation to identify HCMV-specific CD4™ T cells, followed by
measurement of cytokine production or staining for activation markers to determine specificity
and activity of these cells (summarised in Table 1.4). While these studies inform us on
the frequency of HCMV-specific CD41 T cells found in various patient populations and the
peptides they respond to, they fail to reveal the reasons for the many clinical observations of
transplant patients with poorer CD4" T cell recovery or counts experiencing more frequent
episodes of HCMV viraemia, reactivation and disease (summarised in Tables 1.7 and 1.8).
Apropos to this, few studies have examined the capability of CD4" T cells to control viral
dissemination in vitro. A few prior studies from our laboratory have demonstrated the use of
a viral dissemination assay to assess the capacity of CD8" T cells [241,254], NK cells [99], or
PBMCs [241] to control HCMV replication, while another published study from our laboratory
has used fibroblasts overlaid onto HCMV-infected dendritic cells co-cultured with CD4™ T cells
to quantify viral spread [256]. This study found that when CD4" T cells were co-cultured with
HCMV-infected monocyte-derived dendritic cells (moDCs), fibroblasts that were subsequently
overlaid showed almost nil viral growth as opposed to those overlaid on moDCs that were
not co-cultured with CD4™ T cells. In another series of preliminary experiments performed
by a postgraduate student on attachment with our group, (Gabriel Marséres, unpublished
data) CD4* T cells added to HCMV-infected fibroblasts were able to limit viral growth when

compared to infected controls. These results suggest that CD4" T cells had direct antiviral
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and cytotoxic responses to HCMV.

| thus sought to utilise the assay to further examine the direct CD4" T cell responses
to HCMV. How do CD4" T cells recognise CMV-infected cells, and how do they then exert
their antiviral effects? In this section, | first introduce the dual-tagged HCMV used in my
experiments and its growth characteristics. | then introduce the viral dissemination assay
and demonstrate the differences in ability between PBMC and lymphocyte populations from
healthy HCMV-seronegative and HCMV-seropositive individuals to control viral dissemination

in this assay.

3.2 A Merlin HCMYV that allows quantification of immediate-

early and late CMV gene expression

The HCMV used in the following experiments is the clinical isolate Merlin that has mCherry
fused to a UL36-peptide 2A sequence that is subsequently cleaved to give mCherry fluorescence
when UL36 is expressed, and an enhanced green fluorescent protein (eGFP) fused to the C-
terminus of pUL32. Peptide 2As are small (18-22 amino acids) peptide sequences that are
used for stoichiometric production of discrete protein products through inducing ribosomal
skipping during translation, causing apparent “cleavage” of the protein downstream of the
peptide 2A sequence [565]. Unless otherwise stated, this virus was used in all the experiments
in this thesis, and is henceforth referred to as “Merlin WT" or “WT".

The HCMV UL36 gene encodes the viral inhibitor of caspase-8 activation (vICA), which
binds procaspase 8 to prevent proteolytic activation and caspase 8-dependent apoptosis [535].
It is expressed at immediate-early (IE) times of infection with the ability to regulate nuclear

gene expression [17], and then persists throughout infection [431,571].

HCMV UL32 gene encodes a betaherpesvirus-conserved virion tegument protein, pp150, a
149-kDa protein that, together with two other major phosphoproteins, ppUL83 and ppUL82
and several minor structural proteins, form the tegument around the viral nucleocapsid [232].
Upon infection, these accumulate within a cytoplasmic inclusion adjacent to the nucleus at
late times during infection [29,561] and are involved in stabilisation of nucleocapsids through
secondary envelopment at the assembly component [123,391,568]. It is a substrate for cyclin
A2-dependent phosphorylation, the product of which blocks IE gene expression in undifferen-
tiated cells [64].

As with other herpesviruses, HCMV late genes are divided into two categories : leaky late
(v1) genes, which are expressed independent of viral DNA synthesis; and true late (72) genes,
expression of which is dependent on active viral DNA synthesis [160,394]. pp150 expression
occurs with true late kinetics [568] and deletion of the UL32 ORF leads to loss of infectious
virus production [139, 656,664]|. The implication, therefore, is that when this double-taggled
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Merlin WT virus is added to cells, the appearance of mCherry (i.e. an mCherry™ GFP~ cell)
suggests that viral entry into the cell has occurred and the cell is in the IE phase of infection,
while the presence of both mCherry and GFP (i.e. an mCherrytGFP* cell) suggests that

infection has progressed to late phase and viral DNA replication has occurred.

3.2.1 mCherry is expressed at the same time as IE72 immediate-early

protein in infected fibroblasts

The use of this double-tagged virus allows discrimination between cells that are in IE phase
of infection, and cells that have progressed to true late phase infection. During the IE phase of
infection, infected cells express mCherry only (i.e. they are mCherry™ GFP- on flow cytometry).
To show these cells are expressing IE genes, | infected HFFFs with HCMV (MOl = 0.027)
and stained for IE72 at 20 hours post-infection. HCMV IE72 is a 491-amino acid nuclear
phosphoprotein that is the initial and most abundant spliced mRNA transcript that arises from
the major IE promoter. It is present within 1 hour after virus adsorption, reaches a maximum
at 4 to 5 hours after infection [556], and is associated with multiple proteins involved with
modulating the cell cycle (reviewed in [89]). Fig.3.1 shows that a majority of the cells that

express mCherry are also positive for IE72.

UL36 mCherry IE72 AFA88 UL36 mCheftry + IE72 AEA88

Figure 3.1: mCherry is expressed at immediate-early phase of infection

HFFFs were infected with HCMV (MOI = 0.027). At 20 hours post-infection, staining for IE72
with Alexa Fluor 788 secondary antibody was carried out, and cells examined by fluorescence
microscopy. Left image shows microscopy images of cells expressing mCherry, middle image shows
same cells stained for IE72. Right image shows superimposed images of both stains.

3.2.2 mCherry*GFPT infected fibroblasts express mRNA to late CMV

genes

Following the above immunofluorescence stain to show that mCherry™ cells are in the IE
phase of infection, | next sought to substantiate the presumption that mCherry™GFP™ cells
have entered the late phase of infection. To do this, HFFFs were grown to confluency in a
T25 flask before infection with Merlin WT (MOI = 0.3) and incubated for 7 days. At 7 dpi,

these cells were harvested and sorted into mCherry™GFP- and mCherrytGFP™ populations
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with the assistance of the NIHR Cambridge BRC Cell Phenotyping Hub. Fig.3.2A shows the
gating strategy used to obtain singlets, and Fig.3.2B shows the gating strategy used to obtain
the mCherry* GFP~ and mCherry™ GFP™ populations. Real-time quantitative PCR (RT-qPCR)
was then performed on these cell populations for levels of expression of UL44 and pp28.

The UL44 protein (pUL44) is an accessory subunit of DNA polymerasae encoded by UL54
[426,485] that increases processivity of the polymerase along the viral DNA template [153,631].
It accumulates to very high levels at late times after infection [184, 556] and is required for
efficient viral gene expression [251].

The pp28 protein is a product of the UL99 gene. It localizes to the cytoplasmic assem-
bly complex, a structure that consists of redistributed components of the cellular secretory
apparatus [499,500,539]. It is essential for viral assembly [514] and is involved in secondary
envelopment of the virion in the cytoplasm [70,524]. It is expressed after the initiation of viral
DNA synthesis, and viral DNA replication is absolutely required for pp28 expression, thereby
defining it as a true late gene [132,298].

Figs.3.2C shows levels of expression of each of these true late genes in 2 replicates of this

experiment, relative to the levels of GAPDH present in the samples.
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Figure 3.2: mCherrytGFP* cells express late proteins

T25 flasks were seeded with HFFFs and grown to confluency overnight before infection with Merlin
WT (MOI = 0.3) and incubated for 7 days. At 7 dpi, these cells were harvested and sorted into
mCherrytGFP~ and mCherry™ GFP™ populations with the assistance of the NIHR Cambridge BRC
Cell Phenotyping Hub. Fig.3.2A shows the gating strategy used to obtain singlets, and Fig.3.2B
shows the gating strategy used to obtain the mCherry™GFP™ population. RT-qPCR was then
performed on mCherry™GFP™ for levels of expression of UL44 and pp28. Fig.3.2C shows levels of
expression of each of these genes in 2 replicates of this experiment, relative to the levels of GAPDH
present in the respective samples. Statistics performed using Students’ t tests, mean of triplicate
wells with error bars representing SD are shown. (*p<0.05; **p<0.01; ***p<0.001,;
****p<0.0001; ns = not significant)

3.2.3 In vitro growth characteristics of Merlin wildtype HCMV

In order to use this virus in an assay to compare the functional capacity of various immune
cell populations to control IE and late gene expression, | first needed to establish its growth
characteristics on fibroblasts in vitro. HFFFs were plated in 96-well plates at 20,000 cells/well
and grown to confluency overnight. The next day, they were infected with Merlin WT virus at
an MOI of 0.017. Harvests (as described in Section 2.3) were performed at 1, 4, 7, and 10 days
post-infection and then analysed by flow cytometry. Fig.3.3A shows a sample flow cytometry
plot of the gating strategy to obtain the populations of interest, and the percentages of amount
of cells in each population: mCherry"GFP~, mCherrytGFP-, and mCherry*GFP*. Fig.3.3B
shows a representative FACS plot at each time point. Figs.3.3C and 3.3D show a representative
fluorescence microscopy picture of mCherry and GFP expression at each day of harvest, and
superimposed images are seen in Fig.3.3E. Fig.3.3F shows the graphical representation of the
percentage of total cells with |[E and late gene expression, and the total amount of infected cells
(obtained by adding the percentages of cells that are mCherry™GFP~ and mCherry™ GFP™),

expressed as a percentage of the total cells in each well.

As can be seen in Fig.3.3B, at 1 dpi, only mCherrytGFP- cells can be seen. At 4 dpi, cells
that were initially mCherry™GFP~ had progressed to being mCherry™GFP*, and more cells
had become infected and begun to express mCherry, as seen by the new population of cells
that were now mCherrytGFP-. This is repeated on days 7 and 10 post-infection, as reflected
by the progressive accumulation of cells that were mCherry™GFP- and mCherrytGFP*. This
progression of infection is also seen on the fluorescence microscopy images in Figs.3.3C-3.3E,

and on the graph in Fig.3.3F.
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Figure 3.3: FACS plots, fluorescence microscopy images and growth curves of Merlin WT
virus

96-well plates were seeded with HFFFs and infected with Merlin WT virus at an multiplicity of
infection (MOI) of 0.017. At 1, 4, 7 and 10 days post-infection, HFFFs were harvested and the
mCherry and GFP expression was measured by flow cytometry. Fig.3.3A shows a sample flow
cytometry plot of the gating strategy to obtain the populations of interest, and the percentages of
amount of cells in each population: mCherry"GFP-, mCherry™GFP-, and mCherry"GFP*. Fig.3.3B
shows a representative FACS plot at each time point. Figs.3.3C and 3.3D show a representative
fluorescence microscopy picture of mCherry and GFP expression at each day of harvest, and
superimposed images are seen in Fig.3.3E. Fig.3.3F shows the graphical representation of the
percentage of total cells with immediate-early or late gene expression, and the total amount of
infected cells (obtained by adding the percentages of cells that are mCherry™ GFP~ and
mCherry™GFP™), expressed as a percentage of the total cells in each well. Error bars represent SD
of triplicate wells.
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3.3 CD4*, CD8* T and NK cells from HCMV-seropositive

and HCMV-seronegative donors show different capa-

bilities in controlling HCMV dissemination in vitro

The abovementioned figures showed that the Merlin WT virus is able to infect primary
dermal fibroblasts and undergo multiple cycles of viral replication over the time course of
the assay. As mentioned in the introduction to this chapter, a few prior studies from our
laboratory have demonstrated the use of this viral dissemination assay to assess the direct
antiviral responses of PBMCs [241], CD8" T cells [241,254], NK cells [99] and CD4™" T cells
(unpublished data). A sample of the results of some of these experiments is shown in Fig.3.4.
The experiments were conducted as such: dermal fibroblasts from a HCMV-seropositive donor
were infected with HCMV Merlin UL32-GFP at a MOI of 1.06 (Fig.3.4A) or 0.33 (Figs.3.4B-
F), or left uninfected, and co-cultured with immune cells at different E:T ratios (10:1 in
Fig.3.4A). At seven days post-infection, the percentages of GFP™ fibroblasts were measured
by flow cytometry and expressed as a proportion of the positive control (infected fibroblasts

alone).
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Figure 3.4: Results of preliminary experiments with viral dissemination assay

Dermal fibroblasts from a HCMV-seropositive donor were infected with HCMV Merlin UL32-GFP
at a MOl of 1.06 (A) or 0.33 (B-F), or left uninfected, and co-cultured with immune cells at
different E:T ratios (10:1 in A). At seven days post-infection, the percentages of GFP™ fibroblasts
were measured by flow cytometry and expressed as a proportion of the positive control (infected
fibroblasts alone). Results presented in Fig.3.4A correspond to the means of two separate
experiments. Statistics performed using Students’ t tests, mean of triplicate wells with error bars
representing SD are shown. (*p<0.05; **p<0.01; ***p<0.001; ns = not significant) Data from
Gabriel Marseres, a previous postgraduate student in the group.

The results show that PBMCs, CD4™ and CD8" T cells, NK cells and, to a lesser extent,
CD14* monocytes from a HCMV-seropositive donor all showed an ability to limit expression
of GFP (i.e. late gene expression) when added to HCMV-infected fibroblasts. As discussed
in the Introduction (Sections 1.1.5.4 & 1.1.5.5), CD8" T cells and NK cells are capable of
direct cytotoxic effects on CMV-infected cells—CD8" T cells recognise a wide range of CMV
epitopes and exhibit a polyfunctional profile [102, 256, 320], while NK cells respond to CMV
infection by expansion of an activated NKG2C phenotype [167,211,362] that demonstrates
enhanced cytotoxic responses in the presence of HCMV-specific antibodies [113,648]. PBMCs
by definition consist of blood cells with round nuclei, and include monocytes, lymphocytes
(mainly CD4" and CD8" T cells and NK cells), 70 T cells, B cells and monocytes. In
addition, these experiments were mostly performed in HCMV-seropositive donors, where it has
been shown that up to 30% of total CD8" T cells can respond to CMV peptide pools [564],
albeit there being an extensive variability in these responses [254,304]. It is interesting to

observe that despite HCMV-mediated immune evasion function directed at avoiding CD8*
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T cell and NK cell recognition, when CD8" T cells, NK cells and PBMCs from a HCMV-
seropositive donor were added to HCMV-infected fibroblasts, they were capable of limiting
viral dissemination. In addition, the main route of antigen recognition by CD4" T cells is via
the MHC Class Il pathway, and in the absence of cells that constitutively express MHC Class
I, such as macrophages or dendritic cells, it is also somewhat surprising that CD4™" cells added

to the assay in isolation are able to demonstrate inhibition of viral dissemination.

These studies showed that this assay can be used to compare the direct antiviral responses
of the different lymphocyte populations from a single donor, and also compare lymphocyte
populations from different donors. | thus wanted to use this system to determine direct antiviral
responses of PBMCs, CD8" T cells, NK cells and CD4* cells to HCMV in a cohort of healthy
HCMV-seropositive and HCMV-seronegative adults. By characterising the overall control by
PBMCs from each serostatus group, followed by doing so with the individual lymphocyte
populations, this would allow me to dissect out the cell populations that were responsible for
the control (or lack thereof) of HCMV in the PBMCs of this cohort and determine the level of
control mediated by adaptive immunity from HCMV-seropositive individuals as compared to
innate responses, and how these then compare to responses mediated by HCMV-seronegative
individuals. Characterising the dynamic range of this assay would be important if this approach

were to be used to determine failure of immune responses to HCMV during transplantation.

3.3.1 Using the viral dissemination assay to assess antiviral capabili-
ties of various immune cell populations from HCMV-seropositive

and seronegative individuals

Due to limited amounts of frozen donor PBMCs available, it was necessary to obtain the
CD4* and CD8" T cells and NK cells from a single vial of frozen PBMCs. The process of
obtaining different populations of lymphocytes from a single defrosted vial of PBMCs and then
adding them to the autologous HCMV-infected dermal fibroblasts is illustrated in Fig.3.5, and
also detailed in Sections 2.3 and 2.12.3. Primary dermal fibroblasts were seeded at a density
of 10,000 cells per well in 96-well half-area plates and grown to confluency overnight before
infection with Merlin WT virus. 96-well half-area plates were used in order to reduce the
number of immune cells needed to achieve the required E:T ratios. On the day of infection,
PBMCs from the autologous donor were defrosted and treated with DNase for 1 hour before
washing and resting in media overnight. Following overnight incubation, the PBMCs were
washed and counted before addition to the 1 day post-infected fibroblasts at a starting E: T
ratio of 2.5:1, followed by halving dilutions. CD4™ cells were then selected from the remaining
PBMCs by MACS using positive selection with CD4 MicroBeads (methods detailed in Section
2.12.1) and CD4-selected cells were added to the infected fibroblasts at a starting E:T ratio of
5:1, followed by halving dilutions. The remaining CD4-depleted PBMCs were then divided in
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an approximate proportion of 3 and 2, and depletion of unwanted cell populations with CD8*
T cell and NK cell Isolation Kits was performed to obtain CD8" T cells from the % population,
and NK cells from the 2 population (detailed in Section 2.12.2). The CD8" T cells and NK
cells were then added at starting E:T ratios of 5:1 or 2.5:1 (depending on number of cells

obtained) followed by halving dilutions.
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Figure 3.5: Process of setting up the viral dissemination assay to assess antiviral
capabilities of PBMCs, CD4* and CD8* T cells, and NK cells

Primary dermal fibroblasts were seeded at a density of 10,000 cells per well in 96-well half-area
plates and grown to confluency overnight before infection with Merlin WT virus. On the day of
infection, PBMCs from the autologous donor were defrosted and treated with DNase for 1 hour
before washing and resting in media overnight. At 1 dpi, the PBMCs were washed and counted
before addition to the infected fibroblasts at a starting E:T ratio of 2.5:1, followed by halving
dilutions. The CD4™ cells were then selected from the remaining PBMCs by MACS using positive
selection with CD4 MicroBeads (methods detailed in Section 2.12.1) and CD4-selected cells were
added to the infected fibroblasts at a starting E:T ratio of 5:1, followed by halving dilutions. The
remaining CD4-depleted PBMCs were then divided in an approximate proportion of 1 and 2, and
depletion of unwanted cell populations with Isolation Kits was performed to obtain CD8+ T cells
from the % population, and NK cells from the % population. The CD8*" T cells and NK cells were
then added at starting E:T ratios of 5:1 or 2.5:1 (depending on number of cells obtained) followed
by halving dilutions. After 7-10 days' incubation, the fibroblasts were harvested by trypsinisation
and fixed with 2% paraformaldehyde before measurement of mCherry and GFP expression by flow
cytometry. Figure created at BioRender.com
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3.3.2 Determination of post separation purity for each lymphocyte
population
Following isolation of the various lymphocyte populations as described in Section 3.3.1

above, post-separation purities of the CD8" T cell and CD4" populations were assessed by

staining with the following antibody cocktail:

Antibody/Stain Fluorophore

CD3 FITC

CD4 PE

CDs8 PerCP-Cy5.5
Live/Dead FarRed

Table 3.1: Antibody panel to assess post-separation purity of CD8% T cell and CD4* cells

Following this, the cells were analysed by flow cytometry, and the gating strategy used
to obtain the percentage purities of each CD8" T cell and CD4" cell population is shown in
Fig.3.6. First, PBMCs were analysed to determine the appropriate gates to identify live cells,
CD3" cells in the “Live cells” gate, and CD4* and CD8™ cells in the “CD3*" gate (Fig.3.6A).
Then, the post-separation CD4" and CD8" T cell populations were analysed through the
same gates, and post-separation purities of CD4* cells was given by percentage of CD4+ T
cells in the CD3" gate (Fig.3.6B), while post-separation purities of CD8% T cells was given
by the percentage of CD8" T cells in the CD3™ gate (Fig.3.6C). Post-separation purities of
separations performed on the cohort of healthy donors presented in this chapter ranged from
85.8 — 99.7 % for CD4™ cells (full list in Appendix C) and 73.9 — 99.4% for CD8™ T cells (full
list in Appendix E).
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Figure 3.6: Gating strategy to assess post-separation purity of CD8™1 T cell and CD4* cells
Cell populations were assessed for purity following isolation by MACS using the following
antibodies: FarRed live/dead stain to identify live cells, FITC to identify CD3" cells, PE to identify
CD4™ cells, and PerCP-Cy5.5 to identify CD8™ cells. The first column shows the gate to identify
cells from forward and side scatter, the second column shows the gate to identify live cells from the
Cells gate, the third column shows gate to identify the CD3™ cells from the Live gate and the
fourth column shows gates to identify CD4™ and CD8™ T cells from the CD3* gate. Fig.3.6A
shows total PBMCs from one representative donor, Fig.3.6B shows cells obtained following CD4
selection, and Fig.3.6C shows cells obtained following CD8 selection from the same donor.
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To assess the purities of NK cell populations, the PBMCs and NK cells from each donor

were stained with the following antibody cocktail:

Antibody/Stain Fluorophore

CD3 FITC

CD56 PE

CD8 PerCP-Cy5.5
Live/Dead FarRed

Table 3.2: Antibody panel to assess post-separation purity of NK cells

Following this, the cells were analysed by flow cytometry, and the gating strategy used to
obtain the percentage purities of each NK cell population is shown in Fig.3.7. First, PBMCs
were analysed to determine the appropriate gates to identify live cells, CD3 cells in the “Live
cells” gate, and the CD56"&" and CD56™ populations (Fig.3.7A). Then, the post-separation
NK cell populations were analysed through the same gates, and post-separation purities of NK
cells was given by percentage of CD3" cells in the “Live cells” gate (Fig.3.7B). This CD3" gate
was used as a surrogate for NK cell purity as the majority of NK cells are CD56¢™ [398] and
the delineation of the true CD56™ population of NK cells is not as clear without additional
staining for other cell surface markers. The post-separation purities of NK cells obtained from
the cohort of healthy donors presented in this chapter ranged from 92.5 — 100% (full list in
Appendix G).
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Figure 3.7: Gating strategy to assess post-separation purity for NK cells

Cell populations were assessed for purity following isolation by MACS using the following antibodies:

FarRed stain to identify live cells, FITC to identify CD3™ cells, PE to identify CD56™ cells, and

PerCP-Cy5.5 to identify CD8™ cells. The first column shows the gate to identify cells from forward
and side scatter, the second column shows the gate to identify live cells from the Cells gate, the

third column shows gate to identify the CD3" cells from the Live gate and the fourth column shows
gates to identify NK cells from the CD3" gate. Fig.3.7A shows total PBMCs from one
representative donor and Fig.3.7B shows cells obtained following NK selection from the same donor.
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3.3.3 Control of in vitro HCMV dissemination by PBMCs from a

healthy seropositive and seronegative donor

| wanted to first examine the differences in control of IE and late gene expression between
PBMCs from a healthy HCMV-seropositive versus a healthy HCMV-seronegative donor. After
setting up the viral dissemination assay as described in the preceding sections, the results
from a representative HCMV-seropositive and a representative HCMV-seronegative donor are
shown below. Figs.3.8A & 3.8C show fluorescence microscopy images at day of harvest (8
dpi) of a representative well from a HCMV-seropositive donor with PBMCs added at E:T of
2.5:1 and 0.3:1, respectively, and Figs.3.8B & 3.8D show fluorescence microscopy images of a
representative well from a HCMV-seronegative donor with PBMCs added at E:T of 10:1 and
0.5:1, respectively. These images show that when PBMCs from a HCMV-seropositive donor
are added to the viral dissemination assay at an E:T of 2.5:1, there is almost no IE and late
viral gene expression; when they are added at an E:T of 0.3:1, there is a slight increase of
IE and late viral gene expression, but overall there is still a large suppression of viral gene
expression. In contrast, with the HCMV-seronegative donor, at the E:T ratio of 10:1, there is
some suppression of late gene expression, but not much suppression of IE CMV gene expression;

at the E:T of 0.5:1, there is poor suppression of both IE and late gene expression.
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(A) Seropositive donor, PBMCs, (B) Seronegative donor, PBMCs,
2.5:1 10:1

(C) Seropositive donor, PBMCs, (D) Seronegative donor, PBMCs,
0.3:1 0.6:1

Figure 3.8: Fluorescence microscopy images of viral dissemination assay from one
representative HCMV-seropositive and one HCMV-seronegative donor

Primary dermal fibroblasts from an HCMV-seropositive and an HCMV-seronegative donor were
seeded in 96-well half-area plates and grown to confluency overnight before infection with Merlin
WT virus (MOl = 0.03). On the day of infection, PBMCs from both donors were defrosted,
treated with DNase and rested overnight. These PBMCs were then added to the infected primary
dermal fibroblasts at 1 dpi at a starting E:T ratio of 2.5:1 (HCMV-seropositive donor) or 10:1
(HCMV-seronegative donor), followed by halving dilutions. The plates were incubated for 7 days
before harvest and analysis by flow cytometry. Figs.3.8A & 3.8C show fluorescence microscopy
images at day of harvest (8 dpi) of a representative well from the HCMV-seropositive donor with
PBMCs added at E:T of 2.5:1 and 0.3:1, respectively, and Figs.3.8B & 3.8D show fluorescence
microscopy images of a representative well from a HCMV-seronegative donor with PBMCs added at
E:T of 10:1 and 0.5:1, respectively. Images acquired by Dr Charlotte Houldcroft and processed by
myself.

To quantify the amount of mCherry™GFP~ and mCherry™ GFP™ cells in the assay at the end
of the incubation period, the cells were harvested by trypsinisation, fixed with 2% paraformalde-
hyde, and analysed by flow cytometry. Figs.3.9A, 3.9B and 3.9C show flow cytometry plots
from an HCMV-seropositive donor of infected controls (with no PBMCs added), PBMCs
added at E:T of 0.15:1, and PBMCs added at E:T of 2.5:1 respectively; Figs.3.9D, 3.9E and
3.9F show the same plots from an HCMV-seronegative donor. One representative well out
of a triplicate for each E:T is shown. These plots show that at the low E:T ratio of 0.15:1,
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there is little difference in amount of mCherry™ GFP- and mCherrytGFP™ cells between the
HCMV-seropositive and HCMV-seronegative donor, but at the high E:T ratio of 2.5:1, there
is a near-complete absence of any mCherry™GFP~ and mCherrytGFP* cells in the wells from
the HCMV-seropositive donor, whereas there is still a significant amount of mCherryt GFP-

and mCherrytGFP™ cells in the wells from the HCMV-seronegative donor.
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Figure 3.9: Sample flow cytometry plots of viral dissemination assay from one
representative HCMV-seropositive and one HCMV-seronegative donor

To quantify the amount of mCherrytGFP- and mCherry™GFP™ cells in the plates from Fig.3.8 at
the end of the incubation period, these plates were harvested by trypsinisation, fixed with 2%
paraformaldehyde, and analysed by flow cytometry. Figs.3.9A, 3.9B and 3.9C show sample flow
cytometry plots from the HCMV-seropositive donor of infected controls (with no PBMCs added),
PBMCs added at E:T of 0.15:1, and PBMCs added at E:T of 2.5:1 respectively; Figs.3.9D, 3.9E
and 3.9F show the same plots from the HCMV-seronegative donor. One representative well out of
a triplicate for each E:T is shown.

Fig.3.10 shows the complete results from the flow cytometry analysis from Fig.3.9. Fig.3.10A
shows average amount of mCherry™GFP~ (red bars) and mCherry™GFP™ (green bars) cells
at each E:T ratio performed in the HCMV-seropositive donor, expressed as a percentage
of the amount of cells in the same phase of viral gene expression in infected control wells
(i.e“normalised” to infected controls); Fig.3.10C shows the same for the HCMV-seronegative
donor. As can be seen in Fig.3.10A, PBMCs from the healthy seropositive donor show almost
complete control of IE viral gene expression at higher E:T ratios (2.5:1, 1.25:1 and 0.6:1),
an effect which then dilutes out with decreasing E: T ratios, with loss of control of IE viral

gene expression occurring to a greater degree than loss of control of late gene expression.
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This dilution eventually leads to a near-complete absence of any control of IE or late viral
gene expression at the lowest E:T ratio of 0.08:1. In contrast, PBMCs from the seronegative
donor show approximately 75% control of IE and late CMV gene expression at the highest E: T
ratio of 5:1, an effect which then rapidly dilutes out from the next E:T ratio of 2.5:1 onwards
(Fig.3.10C).
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Figure 3.10: Control of viral dissemination by PBMCs from one seropositive and one
seronegative donor

The complete results of the flow cytometry analysis from Fig.3.9 is shown here. Fig.3.10A shows
average amount of mCherry™ GFP~ (red bars) and mCherry™ GFP* (green bars) cells at each E:T
ratio performed in the HCMV-seropositive donor, expressed as a percentage of the amount of cells
in the same phase of CMV gene expression in infected control wells (i.e."normalised” to infected
controls); Fig.3.10C shows the same for the HCMV-seronegative donor. Error bars reprsent SD of
triplicate wells.

79



3.3 Chapter 3

3.3.4 Control of in vitro HCMV dissemination by CD4* cells from a
healthy HCMV-seropositive and HCMV-seronegative donor

After the addition of PBMCs to the viral dissemination assay, CD4" cells were isolated
by MACS positive selection using the CD4 MicroBead Kit and added to autologous HCMV-
infected primary dermal fibroblasts at starting E:T ratios of 5:1, followed by halving dilu-
tions. After a further 7 days of incubation, the cells were harvested and analysed by flow
cytometry. Figs.3.11A & 3.11C show fluorescence microscopy images taken just before har-
vest of a representative well with CD4" cells from the HCMV-seropositive donor added at
E:T ratios of 5:1 and 0.3:1; Figs.3.11B & 3.11D show the same from a HCMV-seronegative
donor. Figs.3.11E and 3.11F show the results of the flow cytometry analysis from the HCMV-
seropositive donor and HCMV-seronegative donor respectively. Red bars show average amount
of mCherry™GFP- cells at each E:T ratio “normalised” to infected controls; green bars show
the same for mCherry™GFP* cells. Figs.3.11E, 3.11A & 3.11C show that CD4" cells from
an HCMV-seropositive donor are able to control |E and late viral gene expression in an E:T-
dependent manner, with loss of control beginning to be seen only at the E:T ratio of 0.3:1;
whereas CD4" cells from an HCMV-seronegative donor show an approximate level of control
of 25% for IE and 50% for late CMV gene expression at the highest E:T ratio tested of 5:1,
an effect which then rapidly dilutes out with decreasing E:T ratios.
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Figure 3.11: Control of viral dissemination by CD4* cells from one seropositive and one
seronegative donor

After the addition of PBMCs to the viral dissemination assay, CD4" cells were isolated by MACS
positive selection using the CD4 MicroBead Kit and added to autologous HCMV-infected primary
dermal fibroblasts at starting E:T ratios of 5:1, followed by halving dilutions. After a further 7 days
of incubation, the cells were harvested and analysed by flow cytometry. Figs.3.11A & 3.11C show
fluorescence microscopy images taken just before harvest of a representative well with CD4™ cells
from the HCMV-seropositive donor added at E:T ratios of 5:1 and 0.3:1; Figs.3.11B & 3.11D show
the same from the HCMV-seronegative donor. The complete results from the flow cytometry
analysis is summarised in Figs.3.11E (HCMV-seropositive donor) and 3.11F (HCMV-seronegative
donor). Red bars show average amount of mCherry™ GFP- cells at each E:T ratio “normalised” to
infected controls; green bars show the same for mCherry™ GFP* cells. Error bars reprsent SD of
triplicate wells. Images (A-D) acquired by Dr Charlotte Houldcroft and processed by myself.
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3.3.5 Control of in vitro HCMV dissemination by CD8*" T cells in a
healthy HCMV-seropositive and HCMV-seronegative donor

After the addition of PBMCs and CD4* cells to the viral dissemination assay, CD8*
T cells were isolated by MACS depletion using the CD8" T cell Isolation Kit and added
to autologous HCMV-infected primary dermal fibroblasts at starting E:T ratios of 5:1 (for
the HCMV-seropositive donor) and 2.5:1 (for the seronegative donor), followed by halving
dilutions. After a further 7 days of incubation, the cells were harvested and analysed by flow
cytometry. Figs.3.12A & 3.12C show fluorescence microscopy images taken just before harvest
of a representative well with CD8' T cells from the HCMV-seropositive donor added at E:T
ratios of 2.5:1 and 0.3:1; Figs.3.12B & 3.12D show the same from the HCMV-seronegative
donor. The complete results from the flow cytometry analysis is summarised in Figs.3.12E
(HCMV-seropositive donor) and 3.12F (HCMV-seronegative donor). These results show that
CD8* T cells from an HCMV-seropositive donor are able to control IE and late viral gene
expression at the higher E:T ratios of 0.6-2.5:1, an effect which then is diluted out at the
lower E:T ratios of 0.3 and 0.15:1. In contrast, CD8" T cells from a HCMV-seronegative
donor show a very poor to almost nil ability to control IE and late gene expression at all E:T

ratios tested.
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(A) Seropositive donor, CD8* (B) Seronegative donor, CD8"
T cells, 2.5:1 T cells, 2.5:1

(C) Seropositive donor, CD8" (D) Seronegative donor, CD8"
T cells, 0.3:1 T cells, 0.3:1

(E) Seropositive CD8" T cells (F) Seronegative CD8" T cells
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Figure 3.12: Control of viral dissemination by CD8* T cells from one seropositive and one
seronegative donor

After the addition of PBMCs and CD4" cells to the viral dissemination assay, CD8" T cells were
isolated by MACS depletion using the CD8™ T cell Isolation Kit and added to autologous
HCMV-infected primary dermal fibroblasts at starting E:T ratios of 2.5:1, followed by halving
dilutions. After a further 7 days of incubation, the cells were harvested and analysed by flow
cytometry. Figs.3.12A & 3.12C show fluorescence microscopy images taken just before harvest of a
representative well with CD8™ T cells from the HCMV-seropositive donor added at E:T ratios of
2.5:1 and 0.3:1; Figs.3.12B & 3.12D show the same from the HCMV-seronegative donor. The
complete results from the flow cytometry analysis is summarised in Figs.3.12E (HCMV-seropositive
donor) and 3.12F (HCMV-seronegative donor). Red bars show average amount of mCherry™ GFP-
cells at each E:T ratio “normalised” to infected controls; green bars show the same for
mCherry™GFP™ cells. Error bars represent SD of triplicate wells. Images (A-D) acquired by Dr
Charlotte Houldcroft and processed by myself.
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3.3.6 Control of in vitro HCMV dissemination by NK cells from a
healthy HCMV-seropositive and HCMV-seronegative donor

After the addition of PBMCs, CD4" cells and CD8" T cells to the viral dissemination
assay, NK cells were isolated by MACS depletion using the NK cell Isolation Kit and added
to autologous HCMV-infected primary dermal fibroblasts at starting E:T ratios of 5:1 (for the
HCMV-seropositive donor) and 2.5:1 (for the HCMV-seronegative donor), followed by halving
dilutions. After a further 7 days of incubation, the cells were harvested and analysed by
flow cytometry. Figs.3.13A & 3.13C show fluorescence microscopy images taken just before
harvest of a representative well with NK cells from the HCMV-seropositive donor added at
E:T ratios of 5:1 and 0.3:1; Figs.3.13A & 3.13C show fluorescence microscopy images taken
just before harvest of a representative well with NK cells from the HCMV-seropositive donor
added at E:T ratios of 2.5:1 and 0.3:1. The results from the flow cytometry analysis in
Figs.3.13E (HCMV-seropositive donor) and 3.13F (HCMV-seronegative donor) show that NK
cells from a seropositive donor show poor control of IE gene expression at all E:T ratios
tested, and moderate control of late gene expression only at the highest E:T ratio of 5:1. In the
seronegative donor, there is also poor control of IE gene expression at all E:T ratios tested, but
moderate control of late gene expression at all E: T ratios except the lowest E: T ratio of 0.3:1.
It is worth noting that of all the different lymphocyte populations tested, NK cells show the
least difference in ability to control IE and late gene expression between an HCMV-seropositive
and HCMV-seronegative donor—in fact, the NK cells from the HCMV-seronegative donor in
this example show a marginally better ability to control late gene expression as compared to

NK cells from the HCMV-seropositive donor.
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(A) Seropositive donor, NK (B) Seronegative donor, NK

cells, 5:1 cells, 2.5:1

(C) Seropositive donor, NK (D) Seronegative donor, NK
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Figure 3.13: Control of viral dissemination by NK cells from a seropositive and a
seronegative donor

After the addition of PBMCs and CD4™ cells to the viral dissemination assay, NK cells were
isolated by MACS depletion using the NK cell Isolation Kit and added to autologous
HCMV-infected primary dermal fibroblasts at starting E:T ratios of 5:1 (for the HCMV-seropositive
donor) and 2.5:1 (for the HCMV-seronegative donor). After a further 7 days of incubation, the cells
were harvested and analysed by flow cytometry. Figs.3.13A & 3.13C show fluorescence microscopy
images taken just before harvest of a representative well with NK cells from the HCMV-seropositive
donor added at E:T ratios of 5:1 and 0.3:1; Figs.3.13B & 3.13D show fluorescence microscopy
images taken just before harvest of a representative well with NK cells from the HCMV-seropositive
donor added at E:T ratios of 2.5:1 and 0.3:1. The complete results from the flow cytometry
analysis is summarised in Figs.3.13E (HCMV-seropositive donor) and 3.13F (HCMV-seronegative
donor). Red bars show average amount of mCherry™ GFP~ cells at each E:T ratio “normalised” to
infected controls; green bars show the same for mCherry™ GFP™ cells. Error bars reprsent SD of
triplicate wells. Images (A-D) acquired by Dr Charlotte Houldcroft and processed by myself. 85
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3.4 Control of in vitro HCMV dissemination by a cohort
of healthy HCMV-seropositive and HCMV-seronegative

donors

3.41 PBMCGs

The preceding sections(3.3.3-3.3.6) show a sample of the differences in control of IE and
late viral gene expression by PBMCs, CD4* cells, CD8" T cells and NK cells from a single
healthy HCMV-seropositive and a single healthy HCMV-seronegative donor. However, there
are wide variabilities in ability of immune cells to recognise CMV antigens, even amongst
HCMV-seropositive individuals [564]. Therefore, | wanted to examine the range of abilities of
the various immune cell populations to control IE and late viral gene expression in a cohort of
healthy HCMV-seropositive and HCMV-seronegative donors. Characteristics of these donors
(age, gender and HCMV serostatus) are given in Appendix A.

PBMCs, CD4" cells, CD8" T cells and NK cells from a cohort of 8 healthy HCMV-
seropositive and 8 healthy HCMV-seronegative donors were added to the viral dissemination
assay as previously described. After flow cytometry analysis, the mean of the amount of %
mCherry"GFP~ and % mCherry"GFP™ cells from each triplicate of wells at the same E:T
ratio from one donor is represented as one data point on the violin plots. Fig.3.14A shows the
comparison of amount of mCherry™GFP- cells between PBMCs from HCMV-seropositive and
HCMV-seronegative donors. When compared to healthy seronegative donors, all PBMCs from
healthy seropositive donors showed good control of IE viral gene expression at high E:T ratio
of 2.5:1; as E:T ratio decreases, the PBMCs from HCMV-seropositive donors then begin to
lose this control, with PBMCs from some HCMV-seropositive individuals losing control earlier
than others. In comparison, PBMCs from HCMV-seronegative donors show a wide range of
ability to control IE CMV gene expression at the highest E: T raio of 2.5:1. This is manifested
as a much larger standard deviation of % mCherry"™GFP- cells in the violin plot of HCMV-
seronegatives versus HCMV-seropositives (34.613 (seronegative) vs 7.230 (seropositive) for
E:T of 2.5:1; 32.778 (seronegative) vs 19.426 (seropositive) for E:T of 1.25:1; calculations not
shown). This suggests that PBMCs from some HCMV-negative individuals are able to control
IE viral gene expression at high E:T ratio to a much better degree than others; whereas all
the PBMCs from HCMV-seropositive individuals are able to control IE gene expression at high
E:T ratios.

For mCherrytGFP* cells (Fig.3.14B), only the E:T ratio of 2.5:1 showed a statistically
significant difference between healthy seropositives and healthy seronegatives, and overall the
difference in ability to control late gene expression between PBMCs from HCMV-seropositive
and HCMV-seronegative donors is much smaller than the difference seen in ability to control

IE viral gene expression. This suggests that even PBMCs from HCMV-seronegative donors

86



Chapter 3 3.4

showed a good ability to control late gene expression, even at the lower E:T ratios of 1.25:1

or less.
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Figure 3.14: Comparison of control of viral dissemination by PBMCs from healthy
HCMV-seropositive and HCMV-seronegative donors

PBMCs from 8 healthy HCMV-seropositive and 8 healthy HCMV-seronegative donors were added
to autologous dermal fibroblasts infected with WT virus at 1 d.p.i. at E:T ratios of 2.5, 1.25, 0.6,
0.3, 0.15 and 0.08, and incubated for 7 to 10 days, followed by harvest and analysis by flow
cytometry. Fig.3.14A shows violin plots of cells that are mCherryt GFP-, expressed as a % of
mCherryt GFP- cells in infected wells from the same donor that did not have PBMCs added (i.e.
“normalised” to infected controls). Fig.3.14B shows the same for mCherry™ GFP™ cells. Statistics
performed using Student's t-test. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns = not

significant)

87



3.4 Chapter 3

3.4.2 CDS8T T cells from healthy HCMV-seropositive donors control

viral dissemination at lower E:T ratios

CD8" T cells were isolated from defrosted PBMC populations by MACS (as detailed
in Section 2.12.2), and based on the number of CD8" T cells obtained, added to infected
autologous fibroblasts at starting a E:T ratio of either 5, 2.5 or 1.25:1, followed by halving
dilutions. As with the PBMCs, after flow cytometry analysis, the mean of the amount of %
mCherrytGFP~ and % mCherrytGFP™ cells from each triplicate of wells at the same E:T ratio
from one donor is represented as one data point on the violin plots in Figs.3.15A and 3.15B
respectively. Fig.3.15A shows that there is much less CMV IE gene expression when CD81 T
cells from HCMV-seropositive donors are added to HCMV-infected fibrobalsts as compared to
when CD8" T cells from HCMV-seronegative donors are added to HCMV-infected fibroblasts.
This difference is largest at E:T ratios of 1.25 and 2.5:1 and then decreases with decreasing
E:T ratios, but is still statistically significant up to the fairly low E:T ratio of 0.3:1.

For mCherry™GFP* expression, CD8™1 T cells from HCMV-seropositive donors also show a
strong ability to limit late gene expression, but CD8™ T cells from HCMV-seronegative donors
do also show a moderate ability to limit this, especially at the higher E:T ratios of 1.25 —
5:1. The smaller difference in abilities between CD8™" T cells from HCMV-seropositive versus
HCMV-seronegative donors is seen as higher p values (i.e. lower number of *) on the Student’s

t-tests performed between the groups.
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Figure 3.15: Comparison of control of viral dissemination by CD8*1 T cells from healthy
HCMV-seropositive and HCMV-seronegative donors

CD8™ T cells from 8 healthy HCMV-seropositive and 8 healthy HCMV-seronegative donors were
added to autologous dermal fibroblasts infected with WT virus at 1 d.p.i. at starting E:T ratios of
5, 2.5, or 1.25:1, followed by halving dilutions, then incubated for 7 to 10 days, before harvest and
analysis. Fig.3.15A shows violin plots of cells that are mCherry™ GFP-, expressed as a % of
mCherryt GFP- cells in infected wells from the same donor that did not have CD8" T cells added
(i.e. “normalised” to infected controls). Fig.3.15B shows the same for mCherry™ GFPT cells.
Statistics performed using Student's t-test. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns
= not significant)

CD8" T cells recognise antigen via MHC Class | antigen presentation pathway [222]. It
would thus be expected that CD8™ T cells from the donors used in this study are recognising
infected cells by antigen presentation via MHC Class | complexes on the surface of infected
fibroblasts. To confirm that the primary dermal fibroblasts used in this study constitutively
expressed MHC Class | complexes on their cell surface, primary dermal fibroblasts from 3
different donors (2 HCMV-seropositive, 1 HCMV-seronegative) were stained for expression of
HLA-A,B,C. The results in Fig.3.16 validate this.
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Donor 1 Donor 2 Donor 3
Stain
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Figure 3.16: Primary dermal fibroblasts constitutively express MHC Class | complexes on

their cell surface

Primary dermal fibroblasts from 3 healthy donors (2 HCMV-seropositive, 1 HCMV-seronegative)
were stained for expression of HLA-A,B,C on the cell surface. Red histograms show unstained
controls, blue histograms show isotype controls, and orange histograms show amount of
HLA-A,B,C on the cell surface.
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3.4.3 NK cells from HCMV-seropositive donors do not show better

control of viral dissemination

NK cell populations were obtained from defrosted PBMCs by methods (detailed in Section
2.12.2) and added to infected autologous fibroblasts at E:T ratios of 5:1, followed by halving
dilutions. Unlike PBMCs and CD8' T cells, NK cells from HCMV-seropositive donors do
not appear to control mCherry™GFP~ (Fig.3.17A) or mCherrytGFP™ (Fig.3.17B) expression
better than NK cells from HCMV-seronegative donors at the E: T ratios tested. NK cells from
either HCMV-seropositive or HCMV-seronegative donors were poor at controlling early gene
expression but better at controlling late gene expression. In addition, the data appears to
show that there is a sub-population of donors whose NK cells consistently perform poorly in
controlling mCherry™GFP~ and mCherry™GFP™ expression. These have been highlighted by
the orange and green data points in Figs.3.17A and 3.17B, where each colour represents a
particular donor. There are also some donors in either the HCMV-seropositive or HCMV-
seronegative cohorts that do control mCherrytGFP~ or mCherry™ GFP™ expression. These
observations appear to suggest that HCMV serostatus (and, therefore, by implication, a prior
exposure to HCMV antigens) appear to have no impact on the ability of NK cells to recognise
and kill CMV-infected cells, although this is a small sample size and more observations are

required before conclusions can be drawn.
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Figure 3.17: Comparison of control of viral dissemination by NK cells from healthy
HCMV-seropositive and HCMV-seronegative donors
NK cells from 8 healthy HCMV-seropositive and 8 healthy HCMV-seronegative donors were added
to autologous dermal fibroblasts infected with WT virus at 1 d.p.i. at starting E:T ratios of 5, 2.5,
or 1.25:1, followed by halving dilutions, then incubated for 7 to 10 days, before harvest and analysis.
Fig.3.17A shows violin plots of cells that are mCherry™GFP~, expressed as a % of mCherry™GFP-
cells in infected wells from the same donor that did not have NK cells added (i.e. “normalised” to
infected controls). Fig.3.17B shows the same for mCherryt GFP™ cells. Statistics performed using
Student's t-test. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns = not significant)
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3.4.4 CDA4* cells from healthy HCMV-seropositive donors control

viral dissemination at high E:T ratios

CDA4 cells from 13 healthy HCMV-seropositive and 10 healthy HCMV-seronegative donors
were isolated from defrosted PBMC populations by MACS using positive selection with CD4
MicroBeads (detailed in Section 2.12.1) and added to Merlin WT-infected autologous fibrob-
lasts at 1 dpi at E: T ratios of 5:1 followed by halving dilutions, then incubated for 7-10 days be-
fore harvest. Following flow cytometry analysis, the mean of the amount of % mCherry™ GFP-
and % mCherry" GFP™ cells from each triplicate of wells at the same E:T ratio from one donor

is represented as one data point on the violin plots in Figs.3.18A and 3.18B respectively.

As can be seen in Fig.3.18A, CD4" cells from healthy seropositive donors can limit
mCherrytGFP- expression to a greater extent as compared to CD4" cells from HCMV-
seronegative donors, particularly at E:T ratios of 5:1 and 2.5:1. This difference then gradually
dilutes out with decreasing E:T ratios, and by E:T ratio of 0.3:1, there is no apparent difference
between the 2 groups. There is a similar pattern for late CMV gene expression (Fig.3.18B),
although the difference is lost at a higher E:T ratio of 0.6:1.
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Figure 3.18: Comparison of control of viral dissemination by CD4% T cells from healthy
HCMV-seropositive and HCMV-seronegative donors

CD4™ T cells from 13 healthy HCMV-seropositive and 10 healthy HCMV-seronegative donors were
added to autologous dermal fibroblasts infected with WT virus at 1 d.p.i. at E:T ratios of 5, 2.5,
1.25, 0.6, 0.3 and 0.15:1, and incubated for 7 to 10 days, followed by harvest and analysis by flow
cytometry. Fig.3.18A shows violin plots of percentage of cells (normalised to infected control) in
with |IE CMV gene expression at each E:T ratio for healthy HCMV seropositive and seronegative
donors, and Fig.3.18B shows percentage of cells with late CMV gene expression for the same
donors. Statistics performed using Student'’s t-test. (*p<0.05; **p<0.01; ***p<0.001;
**x*p<0.0001; ns = not significant)

These results confirm in a much larger cohort of donors that CD4™ T cells from HCMV-
seropositive donors are able to control HCMV gene expression in vitro and that this is related
to previous infection with HCMV, suggesting that antigen-specific memory CD41 T cells are
responsible. It is well known that CD4" T cells recognise antigen via the MHC Class Il antigen
presentation pathway. However, MHC Class Il is not expected to be constitutively expressed
on primary dermal fibroblasts. This was confirmed by staining for HLA-DR on the surface of
primary dermal fibroblasts from 3 of the donors used in this study (results in Fig.3.19). It
is therefore surprising that CD4™" cells added to the viral dissemination assay in isolation can

recognise CMV-infected cells.
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Figure 3.19: Primary dermal fibroblasts do not constitutively express MHC Class Il on

their cell surface

Primary dermal fibroblasts from 3 healthy donors (2 HCMV-seropositive, 1 HCMV-seronegative)

were stained for expression of HLA-DR on the cell surface. Red histograms show unstained

controls, blue histograms show isotype controls, and orange histograms show amount of HLA-DR

on the cell surface.
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3.5 Discussion

3.5.1 Viral dissemination assay as a tool to assess functional capacity

of various immune cell lineages in vitro

As discussed in the Introduction, most studies involving CD4" T cells and HCMV in
non-immunocompromised persons have focused on investigating their antigen specificity (Sec-
tion 1.2.4) or phenotypes, characteristics and surface markers (Section 1.2.5), while those
in immunocompromised or transplant patients have focused on looking for associations with

eventual development (or not) of viraemia or CMV disease (Section 1.2.7).

One of the more commonly employed techniques to detect HCMV-specific CD4™ T cells
involves intra-cellular staining for cytokines such as IFN-v, IL-2 or TNF-«, or looking for
activation markers such as CD69 or CD107a (summarised in Tables 1.7 & 1.8). While these
methods are able to identify HCMV-specific CD4" T cells, they do not accurately reflect if
or how these CD4™ T cells then exert their antiviral effect, nor does it explain the dissonance
between why some of these patients with HCMV-specific CD4™ T cell responses still go on to

develop viraemia, but others do not.

The viral dissemination assay described in this chapter thus offers 2 advantages over con-

ventional intra-cellular staining techniques:

1. Use of the “double-tagged” UL36-peptide 2A-mCherry, UL32-GFP virus al-
lows one to discriminate between cells that are in the stages of immediate-early
CMV gene expression from those that have entered late CMV gene expression.
Presence of UL36 would suggest that viral entry into the cell has occurred, while the
appearance of GFP suggests that viral replication has occurred, given its role in nucle-
ocapsid stabilisation [123,568] and in experiments where expression of UL32 antisense
mRNA led to much reduced levels of virus yield [391]. The fact that there are more
mCherry"GFP- fibroblasts that become mCherryt after GFP expression is seen suggests
that the virus is spreading to uninfected cells. As such, measuring mCherry™ GFP- cells
is a marker of dissemination of the virus through the fibroblast cell culture. For example,
PBMCs were shown to limit both mCherry and GFP expression. This could be inter-
preted as inhibiting viral dissemination and preventing late gene expression. Likewise, it
can be seen that individual lymphocyte populations (most evidently, NK cells) cannot
inhibit viral spread (little or no control of mCherry expression) but do inhibit GFP expres-
sion. This suggests that fibroblasts can become infected and express IE genes but that
the viral life cycle is being prevented from achieving completion (seen as an accumulation
of mCherry™GFP~ cells that do not subsequently become mCherry™GFP™).

2. Adding immune cell populations directly to infected autologous fibroblasts al-
lows for direct observation of the antiviral effects of each of these cell lines on
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infected cells, and provides a more holistic picture of the interaction of these
various immune cell populations with HCMV-infected cells beyond production
of cytokines or markers of activation.

In addition, by using whole PBMCs in addition to the individual immune cell populations
derived from them, it allows for a dissection of the response to HCMV and how each of
these cellular subsets contribute (or not) to the overall antiviral effect of the PBMCs—as

will be elaborated on in the section below and in Chapter 6.

3.5.2 Differing abilities of various immune cell populations to control

viral dissemination
PBMCs

Figs.3.14A-3.14B show that PBMCs from HCMV-seropositive donors are able to limit
both IE and late CMV gene expression, whereas PBMCs from HCMV-seronegative donors are
only able to limit late CMV gene expression. These findings are not entirely surprising—as
discussed earlier in Section 3.3, PBMCs consist of all cells with round nuclei in the blood, and
this includes cells from both the innate and adaptive arms of the immune system. HCMV
infection elicits a broad immune response that involves both the innate and adaptive arms
of immunity [255]. While HCMV-seropositivity would allow priming of the immune response
and a more directed adaptive response, in HCMV-seronegative individuals the innate response
mediated by cytokine release, monocytes and NK cells would still allow PBMCs from HCMV-
seronegative individuals to recognise HCMV-infected cells and therefore exhibit some antiviral
effect. The results from Fig.3.14A however, would suggest that this innate response is not
able to prevent IE CMV gene expression, whereas the combination of an innate and adaptive
response in HCMV-seropositive individuals appear to be able to allow PBMCs from HCMV-
seropositive individuals to recognise and kill cells with [E CMV gene expression. In the large
screening study of ORFs recognised by HCMV-seropositive adults [564], genes expressed in
the IE phase of infection, such as IE1, IE2, and UL36, were among the ORFs that were most-
frequently recognised by CD4" and CD8" T cells from HCMV-seropositive adults, whereas
this was not seen in HCMV-seronegative subjects. This could explain why PBMCs from
HCMV-seropositive adults, which contain effector memory CD4" and CD8' T cells, are able

to recognise and kill cells expressing CMV IE genes.

CD8* T cells

CD8™ T cells from HCMV-seropositive individuals are able to limit both IE and late CMV
gene expression when added to HCMV-infected fibroblasts, but CD8* T cells from HCMV-
seronegative individuals are unable to control either, except at the highest E:T ratio of 5:1.

The results in Fig.3.16 show that primary dermal fibroblasts express MHC Class | on their
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cell surface, and it would be assumed that CD8" T cells are able to recognise |IE and late
CMV gene-expressing cells via the MHC Class | antigen presentation pathway. In an immuno-
competent HCMV-seropositive individual, up to 20% and 27% of the total CD8*" T cells can
be directed against the immediate-early antigen pUL122/123 and structural tegument protein
pp65 (pUL83) respectively [300], so it is therefore not surprising that CD8% T cells from
HCMV-seropositive individuals are able to recognise both IE and late CMV gene-expressing
cells.

It is also perhaps worth nothing that HCMV possesses a number of genes that downregulate
MHC Class | complexes—US3 prevents intracellular transport of MHC class | molecules to the
cell surface [10,270]; US2 and US11 dislocate newly synthesised MHC Class | molecules from
the ER to the cytoplasm, where they are targeted for degradation by the proteasome [269,
270, 639]; and US6 blocks translocation of peptides to the ER via the transporter associated
with antigen presentation (TAP), preventing peptide loading onto MHC Class | molecules
[11, 229,230, 335]. The combined effect of these viral immune evasion genes would be to
disrupt antigen presentation via MHC Class | to CD8' T cells. US3 is expressed immediately
after viral entry into the host cell, and US2 and US11 are expressed at early phase of viral
replication. Yet clearly Figs.3.15A-3.15B suggest that there is a lag between infection and
complete downregulation, as CD8" T cells from HCMV-seropositive individuals are still able to
recognise HCMV-infected cells. This observation is also supported by in vivo evidence: a recent
immunohistochemical analysis of tissue sections from HCMV-infected organs showed reduced
MHC class | signals on infected cells, but infiltration of sites of infection by predominantly
CD8™ T cells [179].

A number of immunodominant HCMYV targets for CD8*1 T cells are tegument proteins and
as these are delivered to cells during viral infection they are immediately available to potentially
enter the MHC Class processing pathway and be presented to T cells before immune evasion
genes are able to shut down de novo processing and presentation of viral antigens. It is
interesting to speculate that the VDA, which uses a low MOI with contiguous co-culture of
immune cells that spread through the culture, might model in vivo conditions more accurately
than many other assays that have examined immune evasion gene functions, which use high

MOI and extended periods of observation post-infection.

NK cells

As mentioned briefly in Section 1.1.5.4, HCMV also encodes multiple gene products target-
ing normal NK cell functions, and multiple in vitro studies have shown that HCMV-infected
fibroblasts are protected against NK cell-mediated cytotoxicity [95, 620, 623]. Again, these
studies frequently used high MOI and were examined for extended periods post-infection. Yet,
clinically, individuals with NK cell defects can experience severe HCMV infections [57,183,419].

This would appear to suggest that the presence of an intact and functioning NK cell population
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does not guarantee protection against HCMV, but the lack of one could lead to severe HCMV
infection. The data from adding NK cells to HCMV-infected fibroblasts also appear to support
this (Figs.3.17A & 3.17B)—HCMYV seropositivity did not appear to confer any advantage to
the ability of NK cells to control IE or late CMV gene expression, and crucially, there appears
to be a sub-population of donors that had NK cells that were poor controllers of both IE and
late CMV gene expression in infected fibroblasts.

NK cell function is regulated by a balance of multiple activating and inhibitory factors
(reviewed in [534]), such as the NKG2C activating receptor, which has been frequently reported
to be over-represented in HCMV-seropositive populations [54,362,508,540] and is associated
with cytolysis [399]. The numbers, subtypes, receptor expression and cytolytic activity of NK
cells have been shown to vary greatly even within healthy populations [81,226, 248, 375, 437].
That there are differences between NK cells from individual donors in controlling HCMV in
vitro that appear to be independent of their HCMV serostatus would suggest that it is possibly
the variations in these different subtypes or receptor expression among individuals that dictate
the ability of their NK cells to control HCMV. There is, nonetheless, the caveat that this is a
small sample size, as this study was not designed primarily to examine the NK cell response

to HCMYV, and so more observations are needed before conclusions can be drawn.

CD4t cells

It would be expected that CD4* cells from healthy HCMV-seropositive donors would be
able to control viral dissemination in vivo (i.e. in the presence of other cell populations, such
as antigen presenting cells or CD8" T cells). This allows recognition and presentation of
viral antigen via the MHC class |l pathway and activation of CD4" T cells, as discussed in
Section 1.2.1. When CD4" T cells are added to the viral dissemination assay in the presence
of other cells that constitutively express MHC Class Il on their cell surface, such as dendritic
cells and monocytes, it might be expected that CD4™ T cells can recognise CMV antigens
via antigen presentation by these cells. This is supported by the results showing that PBMCs
from HCMV-seropositive donors can control IE and late CMV gene expression (Figs.3.14A &
3.14B). However, Figs.3.18A & 3.18B show that CD4" cells from HCMV-seropositive donors
can control IE and late CMV gene expression in isolation (i.e. without the presence of other
cell populations), despite primary dermal fibroblasts not constitutively expressing MHC Class
Il complexes on their cell surface (as seen in Fig.3.19). This is interesting and raises a number

of questions:

1. How are these CD4* T cells able to recognise HCMV-infected cells? Arguably, there may
be professional MHC Class |I-positive antigen-presenting cells that have come through
the isolation process and remained in the population of CD4™ T cells that were added
to the viral dissemination assay. However, all cell populations were checked for purity

post-separation, and most post-separation purities (as defined by % of CD37 cells in the
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population) were >95%.

2. If professional antigen-presenting cells are present and presenting HCMV antigen to acti-
vate HCMV-specific memory CD4™" T cells, how are these CD4™ T cells then recognising

MHC Class ll-negative fibroblasts in order to exert their antiviral effector functions?

| will attempt to address these questions in the subsequent results chapters.

Immune cell populations responsible for control of CMV gene expression in HCMV-
seronegative individuals

When examining the violin plots for CMV |E gene expression, PBMCs from HCMV-
seronegative donors have a large distribution of ability to limit IE CMV gene expression, even
at the relatively high E:T ratios of 1.25:1 and 2.5:1 (Fig.3.14A), and similarly for CD4* and
CD8* T cells, both immune cell populations from HCMV-seronegative donors have lost con-
trol of IE CMV gene expression and have normalised % infection of close to 100% even at the
highest E:T ratios tested of 5:1 and 2.5:1 respectively (Figs.3.18A & 3.15A). However, when
looking at the corresponding violin plots for late CMV gene expression, PBMCs from HCMV-
seronegative donors only show a statistically significant difference in ability to limit late CMV
gene expression from PBMCs from HCMV-seropositive donors at the highest E:T ratio tested
(Fig.3.14B). When ability to control CMV late gene expression is examined by each immune
cell population, CD4™" cells from HCMV-seronegative donors lose their ability to limit late
CMV gene expression at a much higher E:T ratio than CD8™1 T cells from HCMV-seronegative
donors (Figs.3.18B & 3.15B). This suggests 2 points: (1) PBMCs from HCMV-seronegative
individuals are unable to recognise and target CMV IE gene-expressing cells, but (2) CD8" T
cells from HCMV-seronegative donors are likely to be the immune cell population responsible
for the ability of PBMCs from HCMV-seronegative donors to control late CMV gene expression
at higher E:T ratios. Indeed, in the expansive study of HCMV ORFs which CD4* and CD8"
T cells respond to [564], of the few HCMV-seronegative individuals that showed a response
to HCMV OREFs, all responses came from CD8" T cells, and to only 3 different ORF mixes:
US32, US29 and UL116. US32 and UL116 are both expressed late in the viral replication
cycle [29,80,561], while US29 is inferred to be a membrane protein [576] but remains poorly
characterised [74]. The authors suggestive that this likely arose from cross-reactive recognition
of HCMV epitopes by memory T cells originating from non-HCMV antigenic exposures (i.e.

molecular mimicry).

There have also been reports of discordant T cell and antibody responses in cohorts of
healthy individuals [572,661], transplant recipients [357,596] and cancer patients [459], where
IFN-v T cell responses to CMV antigens were present in the absence CMV IgG. These suggest

that using CMV serology alone may not be the most reliable indicator of prior exposure to
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CMV, and may also help to explain why some HCMV-seronegative PBMCs, and in particular
CD8* T cells, show a degree of ability to limit late CMV gene expression.

The above observations also helped to inform the starting E:T ratios chosen when adding
the various immune cell populations to the VDA in my subsequent experiments, particularly
those carried out on transplant recipients in Chapter 6—at the highest E:T ratios, even the
immune cell populations from HCMV-seronegative donors were also able to exert an antiviral
effect, and it would have been difficult to differentiate between the levels of control shown by

the various patients.
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Chapter 4

CD471 cells can exert control of
cytomegalovirus dissemination via their

secreted factors

4.1 Introduction

In the context of HCMV, the majority of studies on the CD4" T cell response have
examined the antigen specificity of CD41 T cells (summarised in Table 1.4) or have focused
on identifying surface markers and characteristics of CD4* T cells present in primary HCMV
infection (summarised in Table 1.5). However, to my knowledge, few studies have explored

possible mechanisms of how CD4™ T cells exert control over HCMV-infected cells.

The modus operandi by which most T cells use to communicate with other cells to execute
their functions is via soluble secreted factors such as cytokines and chemokines [245], although
some CD4" T cell subsets can mediate cytotoxicity in an MHC Class |l-restricted fashion
[274,417]. In particular, this has been described for many HCMV-specific CD41 T cells
[274]. This milieu of secreted factors in response to HCMV-infected cells is known as the
secretome [591]. In order to deconstruct how CD4" T cells could limit viral dissemination,
| first addressed the following questions: does the secretome produced by CD4t T cells
co-cultured with HCMV-infected cells prevent HCMV dissemination, and what cytokines are
secreted by CD4™ T cells in the presence of HCMV-infected cells?

To address these questions, | proceeded to examine the secretomes of CD4™ cells that had
been incubated with autologous dermal fibroblasts infected with wildtype and AUS2-11 Merlin
strain of HCMV. As mentioned in Section 1.2.6, the US2-11 region of the HCMV genome
encodes multiple proteins that allow the virus to modulate host immune defences and facilitate
viral persistence. US6 binds to the transporter associated with antigen processing (TAP), which
inhibits MHC Class | assembly [11, 229, 234, 335], and US11 dislocates MHC Class | heavy

chains from the endoplasmic reticulum for proteasomal degradation in the cytosol [331,639],
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while US2 and US3 code for proteins that not only interfere with MHC Class | processing
but also alter MHC Class Il assembly and transport [228,582]. Infection with recombinant
HCMV where the US2-11 region has been deleted should therefore, theoretically, allow greater
amounts of antigen presentation due to reduced downregulation of MHC Class Il complexes
on the surface of infected cells. Whether this results in a secretome that is more antiviral than
that from infection with “wildtype” HCMV is another question | attempt to address in this
Chapter.

4.2 Secretome of PBMCs and CD4*1 cells co-cultured

with HCMV-infected cells inhibits viral dissemination

4.2.1 Making PBMC and CD4* cell secretomes

To examine the secretome of PBMCs and CD4* cells that had been co-cultured with
HCMV-infected cells, autologous primary dermal fibroblasts were plated in 24-well plates and
grown to confluency overnight. The next day, the fibroblasts were infected with Merlin WT at
high MOI (MOI = 1). The following day, PBMCs from the autologous donor (obtained either
by venepuncture or defrosting from liquid nitrogen) were added at E:T ratios of 10:1 or 20:1.
If CD4" cell secretomes were required, then CD4" cells were obtained from the PBMCs by
MACS positive selection using CD4 MicroBeads, post-separation purity was performed by flow
cytometry, and CD4* cells were added at E:T ratios of 20:1 or 10:1. To generate a “negative
control” secretome, PBMCs or CD4* cells were added to uninfected autologous fibroblasts at
the same E:T ratios at the same time. The plates were then incubated for 7 days. After 7
days, media was aspirated from the wells and centrifuged to pellet any cellular debris in the
media. The supernatant from the centrifuged media was then aspirated at stored at —80°C

until needed. Fig.4.1 illustrates this process.
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Figure 4.1: Obtaining secretomes of PBMCs and CD4* cells co-cultured with
HCMV-infected autologous fibroblasts

Primary dermal fibroblasts were plated in 24-well plates and grown to confluency overnight. The
next day, the fibroblasts were infected with Merlin WT at high MOI. The next day, PBMCs from
the autologous donor (obtained either by venepuncture or defrosting from liquid nitrogen) were
added at E:T ratios of 10:1 or 20:1. If CD4" cell secretomes were required, then CD4™ cells were
selected from the PBMCs by MACS positive selection using CD4 MicroBeads, post-separation
purity was performed by flow cytometry, and CD4™" cells were added at E:T ratios of 20:1 or 10:1.
To generate a “negative control” secretome, PBMCs or CD4™ cells were added to uninfected
autologous fibroblasts at the same time. The plates were then incubated for 7 days. After 7 days,
media was aspirated from the wells and centrifuged to pellet any cellular debris in the media. The
supernatant from the centrifuged media was then aspirated at stored at —80°C until needed.
Figure created at BioRender.com.

4.2.2 Secretomes from PBMCs and CD4% cells co-cultured with
Merlin WT-infected autologous fibroblasts can restrict HCMV

gene expression

The results presented in Chapter 3 showed that PBMCs and CD4* cells from HCMV-
seropositive donors are able to limit viral gene expression when added to HCMV-infected fi-
broblasts. To investigate if this antiviral effect was mediated by their secretome, | proceeded to
add these secretomes by themselves (i.e. without immune cells) to HCMV-infected fibroblasts.
Secretomes of PBMCs or CD4 cells co-cultured with Merlin WT-infected fibroblasts (“PBMC
+ WT" or “CD4 + WT"), or PBMCs co-cultured with uninfected fibroblasts (“PBMC + un-
inf"), were added to Merlin-WT infected fibroblasts (MOl = 0.03) at 1 dpi at serial two-fold
dilutions starting at 1:4 and incubated for 7 days before harvest and analysis by flow cytometry.
The experiment timeline is shown in Fig.4.2A. Fig.4.2B shows the amount of mCherry* GFP-
cells, expressed as a % of cells that were mCherry™GFP~ in wells with no secretome added

(i.e. “normalised” to infected controls). Fig.4.2C shows the same for mCherry™ GFPT cells.

The results in Fig.4.2 showed that the secretomes of PBMCs and CD4™ cells co-cultured
with Merlin WT-infected fibroblasts were able to limit both IE and late viral gene expression.
This effect was dose-dependent, with eventual complete loss of the antiviral effect at ap-
proximately 1:32 dilution. In contrast, the secretomes of PBMCs co-cultured with uninfected

fibroblasts showed no antiviral effect, even at the lowest dilution ratio of 1:4.
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Figure 4.2: Secretome of PBMCs and CD4 cells co-cultured with HCMV-infected cells
inhibits viral dissemination

Secretomes of PBMCs or CD4 ™ cells co-cultured with Merlin WT-infected fibroblasts (“PBMC +
WT" or “CD4 + WT"), or PBMCs co-cultured with uninfected fibroblasts (“PBMC + uninf"),
were added to Merlin-WT infected fibroblasts (MOl = 0.03) at 1 dpi at a starting dilution of 1:4
followed by halving dilutions followed by incubation for 7 days before harvest and analysis by flow
cytometry. Experiment timeline is shown in Fig.4.2A. Fig.4.2B shows amount of mCherry™GFP-
cells, expressed as a % of amount of mCherry™ GFP~ cells in wells with no secretome added (i.e.
“normalised” to infected controls). Fig.4.2C shows the same for mCherry™ GFP* cells. Mean + SD
of triplicate wells is shown. Statistics performed using Student's t-test. (*p<0.05; **p<0.01;
****p<0.0001; ns = not significant) Fig.4.2A created at BioRender.com.
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4.3 Characterisation of the Merlin AUS2-11 virus

As mentioned in the introduction to this chapter, the US2-11 region of the HCMV genome
contains genes that interfere with antigen processing and presentation to T cells by encoding
for multiple proteins that downregulate MHC Class | and |l complexes on the cell surface.
Using an HCMV strain with deletions of the US2-11 region would allow me to examine the
effect of the absence of these viral genes on the ability of various immune cell populations to
limit viral dissemination. To do this, | first needed to show that the AUS2-11 virus used in my
experiments contains deletions of the relevant genes, and that it shows growth characteristics
similar to that of Merlin WT virus. The virus used in these following sections is the HCMV
clinical isolate Merlin, also tagged with UL36-peptide 2A-mCherry and UL32-GFP, but with
deletion of US2-11 regions of the genome, and is henceforth referred to as “Merlin AUS2-11"
or “AUS2-11" virus. CD4™ cells were then added to Merlin WT- and Merlin AUS2-11-infected
autologous fibroblasts to generate the relevant secretomes. | then examined the effects of these
secretomes on viral dissemination, and then proceeded to investigate the effects they had on

target cells and the cytokines they contained.

4.3.1 PCR analysis of US2-11 deletion

To confirm that the AUS2-11 virus has deletions of the genes of interest (US2-11), HFFFs
were infected with either Merlin WT or Merlin AUS2-11 virus, or left uninfected. At 6 dpi,
after expression of mCherry and GFP was seen on fluorescence microscopy, the cells were
trypsinised and cellular and viral DNA extracted, followed by amplification with polymerase
chain reaction (PCR) and gel electrophoresis for presence (or absence) of genes of interest
(Details of methods given in Section 2.14). Fig.4.3 shows that, in samples from Merlin WT-
infected cells, a band can be seen for US2, US3, US6 and US11 as expected, whereas in the
Merlin AUS2-11-infected cells, these bands are absent. IE1 is present in samples from Merlin
WT- and Merlin AUS2-11-infected fibroblasts, but absent in the sample from uninfected
fibroblasts.
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us2 us3 usé
270 bp 155 bp 226 bp
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221 bp 72 bp 287 bp

Figure 4.3: PCR for US2,3,6,11 DNA of Merlin wildtype and AUS2-11 virus

HFFFs were infected with wildtype or AUS2-11 virus or left uninfected. After 6 days, cells were
harvested, DNA was extracted and PCR followed by gel electrophoresis was performed. L = DNA
ladder (100-1000bp), Wt = Merlin wildtype virus, A = Merlin AUS2-11 virus, Un = uninfected
HFFFs. Expected sizes of PCR products is given below gene name.
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4.3.2 Growth curves of Merlin wildtype and AUS2-11 virus are sim-

ilar

After confirmation by PCR of deletion of viral genes in the region of interest, | compared the
in vitro growth characteristics of both viruses to ensure that deletion of US2-11 did not cause
a growth defect. Merlin WT or AUS2-11 virus was added to primary dermal fibroblasts that
had been plated and grown to confluency overnight (Merlin WT MOI = 0.03, Merlin AUS2-
11 MOI = 0.045), and then harvested at 2, 5 and 10 days post-infection and analysed by
flow cytometry for amount of mCherry™ GFP~ and mCherry™ GFP* expression. Fig.4.4A shows
the amount of mCherry™GFP- cells and Fig.4.4B shows the amount of mCherry™GFP™ cells,
expressed as a percentage of total number of cells in the well. Fig.4.4C shows total amount
of infected cells, obtained by adding the percentages of mCherrytGFP- and mCherry™ GFP*
cells. The growth curves of the Merlin WT and AUS2-11 viruses can be seen to overlap for
amounts of mCherrytGFP~ and mCherry™ GFP™ cells, and t-tests performed on each of these

groups did not show any statistically significant difference.
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Figure 4.4: Growth curves of Merlin wildtype vs AUS2-11 virus

Merlin WT or AUS2-11 virus was added to primary dermal fibroblasts that had been plated and
grown to confluency overnight, and then harvested at 2, 5 and 10 days post-infection and analysed
by flow cytometry. Fig.4.4A shows the amount of mCherry™GFP- cells and Fig.4.4B shows the
amount of mCherry™GFP™ cells, expressed as a percentage of total number of cells in the well.
Fig.4.4C shows total amount of infected cells, obtained by adding the percentages of
mCherrytGFP~ and mCherry"™ GFP™ cells. Error bars represent SD of triplicate wells, statistics
performed using Student's t-test. (ns = not significant)
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4.4 Deletion of US2-11 results in a secretome that is
more antiviral than secretomes from CD41 cells co-
cultured with Merlin WT-infected autologous fibrob-

lasts

Having shown that the secretomes from PBMCs and CD4* cells co-cultured with Merlin
WT-infected autologous fibroblasts were able to limit IE and late viral gene expression, | pro-
ceeded to investigate if secretomes from CD4™ cells co-cultured with Merlin AUS2-11-infected
fibroblasts would produce a similarly, if not more, antiviral secretome. Secretomes of CD4*
cells co-cultured with Merlin WT-infected (“CD4 + WT"), Merlin AUS2-11-infected (“CD4
+ AUS2-11") and uninfected autologous fibroblasts (“CD4 + uninfected”) were generated in
the same manner as illustrated in Fig.4.1. CD4™" cells were once again obtained from PBMCs
by MACS positive selection using CD4 MicroBeads.

Primary dermal fibroblasts from an HCMV-seropositive donor were seeded in 96-well half-
area plates overnight, then infected with Merlin WT virus (MOI of 0.087). At 1 dpi, the
secretomes were added to the Merlin WT-infected fibroblasts at serial two-fold dilutions start-
ing at 1:5 and incubated for 7 days before harvest and analysis by flow cytometry. This
experiment timeline is illustrated in Fig.4.5A. The results of this experiment are shown in
Figs.4.5B (mCherrytGFP~ expression) and 4.5C (mCherrytGFP™ expression).

These results show a consistent pattern: secretomes from CD4% cells co-cultured with
uninfected autologous fibroblasts show no control of mCherryt GFP~ expression, and nearly no
control of mCherry™GFP™ expression. Secretomes from CD4* cells co-cultured with Merlin
WT virus show an approximate 50% decrease in expression of |[E and late viral gene expression
as compared to those incubated with secretomes from CD4™" cells co-cultured with uninfected
fibroblasts. Secretomes from CD4* cells co-cultured with Merlin AUS2-11 virus show an
even greater ability to limit IE and late viral gene expression as compared to secretomes from
CD4™" cells co-cultured with Merlin WT virus, a difference that is more pronounced (as seen
by greater statistical significance) at dilutions of 1:10 and 1:20. This initial result supports
the hypothesis mentioned in the introduction to this section—that absence of immune evasion
gene US2-11 appears to generate a more antiviral secretome, possibly as a result of decreased
downregulation of MHC Class || complexes on the cell surface and therefore increased antigen

presentation to lymphocytes.

This experiment was repeated with secretomes from the same donor (Figs.4.5D & 4.5E),
and with “CD4 + WT" and “CD4 + uninfected” secretomes from another HCMV-seropositive
donor, at serial four-fold dilutions starting at 1:4 (Figs.4.5F & 4.5G). The results were con-
sistent with the initial observations: “CD4 + uninfected” secretomes show poor control of IE

and late CMV gene expression, even at the lowest dilution of 1:4 or 1:5; there is a decrease of
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at least 50% or more of viral gene expression with the “CD4 + WT" secretomes; and “CD4

+ AUS2-11" secretomes show marginally more inhibition than “"CD4 + WT" secretomes.
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Figure 4.5: Secretomes from CD4% cells co-cultured with HCMV-infected autologous
fibroblasts limit viral dissemination in an in vitro viral dissemination assay

Secretomes from CD4 ™ cells co-cultured with WT virus-infected (black bars), AUS2-11
virus-infected (pink bars) or uninfected autologous fibroblasts (green bars) were added to primary
dermal fibroblasts infected with Merlin WT at 1 dpi, and incubated for a further 7 days before
analysis with flow cytometry. Fig.4.5A shows experiment timeline. Fig.4.5B shows amount of
mCherry™GFP- cells, expressed as a percentage of the amount of mCherry™GFP- cells in infected
controls (i.e. no secretome added), for each of these 3 different secretomes at dilutions of 1:5, 1:10
and 1:20; Fig.4.5C shows the same for mCherry"GFP* cells. Figs.4.5D—4.5E show a replicate
experiment with secretomes from the same donor, and Figs.4.5F-4.5G show replicate experiment
with secretomes from another donor (without “CD4 + AUS2-11" secretome). Error bars represent
SD of triplicate wells, statistics performed using Student's t-test. (*p<0.05; **p<0.01;
***p<0.001; ****p<0.0001; ns = not significant) Fig.4.5A created at BioRender.com.

4.5 Cytokine array analysis of the CD4* cell secretome

following co-culture with HCMV-infected fibroblasts

Having shown that the secretome from CD4™ cells incubated with infected cells is antiviral, |
then proceeded to identify the cytokines present in the secretomes that could be responsible for
this effect. The Proteome Profiler™ Human XL Cytokine Array Kit (R&D Systems) is a multi-
analyte cytokine array which contains nitrocellulose membranes impregnated with antibodies
to 105 different cytokines. These membranes are incubated overnight with samples of interest
before washing and addition of biotinylated detection antibodies, followed by Streptavidin-HRP
and chemiluminescent detection reagents. The chemiluminescent signal from each analyte is
then measured by imaging onto X-ray film. Multiple exposures are taken of the X-ray films to
capture the wide range of signals, and an appropriate exposure time for each analyte is chosen
(i.e. an exposure time where the signal from that analyte is seen on all 4 membranes). Analysis
using ImagelJ software is performed to measure the intensity of signal from each analyte at the
chosen exposure time, with correction for background luminescence. The list of cytokines that
were analysed is listed in Table 4.1. An example of the X-ray film images of the membranes is
given in Fig.4.6A (2 min exposure) & 4.6C (10 min exposure), and the transparency overlay
used to identify the position of each analyte in Fig.4.6B. (Details of the methods are given in
Section 2.16.) Due to some cytokines having chemiluminescent signals less than that of the
background on some of the membranes, these signals were left out and only 94 cytokines were

analysed.
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Table 4.1: List of cytokines tested in array

Adiponectin Angiogenin Angiopoietin-1 Angiopoietin-2
Apolipoprotein A-I BAFF BDNF C5/Cba
CCL17 CCL2 CCL7 CD105

CD14 CD147 CD31 CDA40 ligand
CD71 Chitinase 3-like 1 Complement Factor D C-Reactive Protein
Cripto-1 CSF1 CXCL1 CXCL10
CXCL11 CXCL12 CXCL4 CXCL5
Cystatin C Dipeptidyl-peptidase IV Dkk-1 FGF Basic
FGF-19 Flt-3 Ligand G-CSF GDF-15
GM-CSF Growth Hormone HGF ICAM-1
[FN-~ IGFBP-3 IL-1 R4 IL-10

IL-11 IL-12 p70 IL-16 IL-17A

IL-18 Bpa IL-1ra IL-2 IL-22

IL-23 IL-24 IL-27 IL-3

IL-31 IL-34 IL-4 IL-5

IL-6 IL-8 Kallikrein 3 Leptin

LIF Lipocalin-2 MIF MIG
MIP-1a/MIP-15  MIP-3« MIP-3/ MMP-9
Myeloperoxidase Osteopontin PDGF-AA PDGF-AB/BB
Pentraxin 3 RAGE RANTES RBP-4
Relaxin-2 Resistin Serpin E1 SHBG

TFF3 TGF-« Thrombospondin-1 TIM-3

TNF-« uPAR VCAM-1 VEGF
Vitamin D BP

BAFF = B-cell activating factor, BDNF = brain-derived neurotrophic factor, C5/C5a = Complement5/5a,
Dkk-1 = Dickkopf-related protein 1, FGF = fibroblast growth factor, GDF = growth differentiation factor,
HGF = hepatocyte growth factor, ICAM = intercellular adhesion molecule, IGFBP = insulin-like growth-
factor-binding protein, LIF = leukaemia inhibitory factor, MIF = macrophage migration inhibitory factor, MIG
= monokine induced by IFN-v, MIP = macrophage inflammatory protein, MMP = matrix metalloproteinase,
PDGF = platelet-derived growth factor, RAGE = Receptor for Advanced Glycation Endproducts, RANTES =
Regulated upon Activation, Normal T cell Expressed and Presumably Secreted, RBP = retinol-binding protein,
SHBP = steroid hormone binding protein, TFF = trefoil factor family, TIM = T-cell Immunoglobulin domain
and Mucin domain, uPAR = urokinase plasminogen activator surface receptor, VCAM = vascular cell adhesion

molecule, VEGF = vascular endothelial growth factor
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Figure 4.6: Membranes from cytokine array

Fig.4.6A: Sample of X-ray film images at 2 minutes exposure time of membranes with antibodies to
105 different analytes impregnated within which were incubated with secretomes. From left to
right, membrane which was incubated with secretome from CD4* cells co-cultured with Merlin
WT-infected fibroblasts (“CD4 + WT"); CD4" cells co-cultured with uninfected fibroblasts (“CD4
+ uninf”); and CD4™ cells co-cultured with Merlin AUS2-11-infected fibroblasts (“CD4 +
AUS2-11"). Fig.4.6C shows the same for an exposure time of 10 minutes. Fig.4.6B shows the
overlay used to identify the positions of each of the 105 cytokines in the membranes.

4.5.1 Relative quantification of cytokines present in secretome of
CD4 cells co-cultured with HCMV-infected fibroblasts

This assay does not provide absolute quantities of the cytokines present in the secre-
tomes, but it is able to compare the relative amounts of cytokines between the different
secretomes. This is done by calculating the mean luminescent signal from the duplicate read-
ings of each analyte at the chosen exposure time, subtracting background luminescent signal,
and comparing with the mean amount of luminescent signal from the duplicate readings of the
same analyte from a different membrane. The difference between the two is then plotted as
log, (fold change) on the z-axis. (So, any value >0 corresponds to an increase in the amount
of cytokine, while a value <0 corresponds to a decrease in the amount of cytokine.) Student’s
t-test was performed on the duplicate readings from each sample and the p values of the
comparison is plotted on the y-axis. 3 comparisons were made: secretome from CD4" cells
co-cultured with Merlin WT-infected fibroblasts (“CD4 + WT") compared with secretome
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from CD4" cells co-cultured with uninfected fibroblasts (“CD4 + uninf”, results in Fig.4.7A);
secretome from CD4™ cells co-cultured with Merlin AUS2-11-infected fibroblasts (“CD4 +
AUS2-11") compared with “CD4 uninf” secretome (Fig.4.7B); and “CD4 + AUS2-11" se-
cretome compared with “CD4 + WT" secretome (Fig.4.7C), to see which cytokines were
upregulated in the “CD4 + AUS2-11" secretome in relation to the “CD4 + WT" secretome.

Fig.4.7A shows the comparison of secretome from CD4* cells co-cultured with Merlin
WT-infected fibroblasts with that from co-cultures with uninfected fibroblasts (“CD4 WT
vs CD4 uninf”). The cytokines that were most significantly upregulated included chemokines
induced by IFN-v, such as CXCL11 (also known as interferon--inducible protein 9) and CXCL9
(monokine induced by IFN-v), while other highly upregulated cytokines included Complement
5/5a, colony stimulating factors (G-CSF, GM-CSF, IL-3, CSF1), and members of the CC
chemokine family (CCL3/CCL4, CCL5, CCL7, CCL20). IFN-y and TNF-« are also upregulated
in the “CD4 + WT" secretome, although not as highly as these other cytokines. Other
cytokines that were highly upregulated include colony stimulating factors (granulocyte and
granulocyte-macrophage colony stimulating factors, G-CSF and GM-CSF; IL-3, also known
as colony stimulating factor) and cytokines involved with macrophage regulation, such as
macrophage migration inhibitory factor (MIF), an important regulator of innate immunity [79],

and macrophage inflammatory protein (MIP-373), which is produced by dendritic cells [651].

A similar trend of the types of cytokines upregulated is seen when comparing the secretome
from CD4™" cells co-cultured with AUS2-11 Merlin HCMV-infected fibroblasts with secretome
from CD4™ cells co-cultured with uninfected fibroblasts (Fig.4.7B). TNF-a and IFN-+ are both
upregulated, as well as the various colony-stimulating factors, CC chemokines (CCL5, CCL7,
CCL20), CXC chemokines (CXCL11).

Comparing the secretomes from CD4™ cells co-cultured with Merlin AUS2-11-infected
fibroblasts with those co-cultured with Merlin WT-infected fibroblasts directly (Fig.4.7C),
most cytokines were expressed in similar amounts (values around O on the z-axis). The
cytokines that showed the most significant decrease in the “CD4 + AUS2-11" compared to
the “CD4 + WT" secretome include IL-5, IL-19 and CSF1 (log,(fold change) values of 1.5
— 3.5, with p values <0.01), while the most significant increases in amounts are seen with
CXC chemokines (CXCL1, CXCL9/MIG, CXCL10), protease inhibitor Serpin E1, angiogenin
and IL-8 (log,(fold change) values of -1.5 to -4, p values <0.01).
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Figure 4.7: Quantification of relative levels of cytokines in CD4% cell secretomes

Supernatants from CD4™" cells co-cultured with wildtype Merlin HCMV-infected (“CD4 + WT"), AUS2-11 Merlin HCMV-infected (“CD4 + AUS2-11")
or uninfected autologous fibroblasts (“CD4 + uninf") were assayed with a multi-cytokine array as described in Section 2.17. Fig.4.7A shows volcano plots
of relative values of cytokines between “CD4 + WT" and “CD4 + uninf"” secretome, Fig.4.7B shows comparison of “CD4 + WT" and “CD4 + uninf”
secretome, and Fig.4.7C shows comparison of “CD4 + AUS2-11" and “CD4 + WT" secretome. Statistics performed using Student’s t-test on duplicate

readings from each cytokine.
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Gene Ontology (GO) terms are key phrases annotated to genes and proteins in public
databases which describe the biological processes, molecular functions and cellular components
associated with them. The Database for Annotation, Visualisation and Integrated Discovery
(DAVID) analysis tool (available at https://david.ncifcrf.gov/home.jsp) is a method of analysis
to identify GO terms which have been enriched (i.e. are more commonly found) in a list of
submitted genes. To look for commonalities in the cytokines that had been found to be
upregulated in the cytokine array, | performed a DAVID analysis on each of the sets of data,
after eliminating those that had a p value of >0.05 and a log,(fold change) value of <1. The
GO terms that have been enriched are then classified into clusters based on their similarities.
Fig.4.8A shows a list of representative GO terms of the top-enriched clusters of genes from the
list of genes that had been upregulated in Fig.4.7A; Fig.4.8B shows the same for upregulated
genes from Fig.4.7B and Fig.4.8C for genes from Fig.4.7C.

Figs.4.8A & 4.8B show that the cytokines upregulated in the “CD4 + WT" and “CD4 +
AUS2-11" secretomes come from largely similar groups—they are both strongly associated
with chemokine-mediated signaling pathways, cellular responses to IFN-v, positive regulation
of NK cell chemotaxis and liposaccharide-mediated signaling pathways. When comparing
the “"CD4 + AUS2-11" against “CD4 + WT" secretomes, fewer cytokines are found to be
upregulated and this resulted in only a few clusters of GO terms found to be enriched, belonging
to the broad classes of belonging to the cytokine activity and signaling pathways, such as
mitogen-activated protein kinase (MAPK) cascade and regulation of phosphatidylinositol 3-

kinase pathways, which would suggest that these secretomes are largely similar.
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Figure 4.8: DAVID analysis of CD4*1 secretomes

DAVID analysis was performed on the results of the cytokine array performed in Fig.4.7 to find the
GO terms most commonly associated with the cytokines that had been upregulated in each
comparison in the assay, after elimination of cytokines that had a p value of >0.05 and a

log, (fold change) value of <1. Fig.4.8A shows a list of representative GO terms of the
top-enriched clusters of genes from the list of genes that had been upregulated in Fig.4.7A;
Fig.4.8B shows the same for upregulated genes from Fig.4.7B and Fig.4.8C for genes from Fig.4.7C.
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4.5.2 Quantification of cytokines present in the secretome of CD4*
cells co-cultured with HCMV-infected fibroblasts

The cytokine array allowed me to identify cytokines that had been upregulated relative to
other cytokines in the array. To quantify amounts of specific cytokines in these secretomes,
| next performed a LegendPlex™ assay of the supernatants from CD4" cells that had been
co-cultured with either wildtype (“CD4 + WT") or AUS2-11 Merlin strain HCMV-infected
(*CD4 + AUS2-11"), or uninfected (“CD4 + uninf"), autologous fibroblasts. | also performed
this assay on supernatants from PBMCs that had been co-cultured with either wildtype Merlin
strain HCMV (“PBMC + WT") or uninfected autologous fibroblasts (“PBMC + uninf"). This
assay utilises a bead-based sandwich immunoassay method to quantify amounts of cytokines
by flow cytometry. These beads are differentiated by size (Fig.4.9A, leftmost plot, P1 and P2
gates) and allophycocyanin; antigen presenting cell (APC) fluorescence intensities (Fig.4.9A,
middle and right plots), and are conjugated with antibodies to the analytes of interest. First,
these capture beads are incubated with the sample, followed by washing and addition of
biotinylated detection antibodies. Subsequently streptavidin-phycoerythrin (SA-PE) is added,
which binds to the biotinylated detection antibodies and provides a phycoerythrin fluorescence
signal in proportion to the amount of bound analytes in the sample. The amount of each
analyte present is quantified by comparing mean fluorescence intensity (MFI) of the PE signal
from each bead to standard curves generated from samples made with known concentrations
of each analyte. Figs.4.9A and 4.9B show the flow cytometry plots from the bottom and top
standard samples and demonstrate the gating strategy used to identify each analyte. Fig.4.9C
shows an example of a standard curve generated from the samples with known concentrations
of each analyte (generated from software provided by the manufacturer), and Fig.4.9D shows
the results from one test sample, with varying amounts of the different analytes. Due to a

technical error, only 10 analytes were able to be measured.
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Figure 4.9: Gating strategy to analyse LegendPlex™ data

The LegendPlex™ assay utilises a bead-based sandwich immunoassay method to quantify amounts
of cytokines by flow cytometry. These beads are differentiated by size and APC fluorescence
intensities, and are conjugated with antibodies to the analytes of interest. First, these capture
beads are incubated with the sample, followed by washing and addition of biotinylated detection
antibodies. Subsequently streptavidin-phycoerythrin (SA-PE) is added, which binds to the
biotinylated detection antibodies and provides a phycoerythrin fluorescence signal in proportion to
the amount of bound analytes in the sample. The amounts of each analyte present is quantified by
comparing mean fluorescence intensities (MFI) of PE signal from each bead to standard curves
generated from samples made with known concentrations of each analyte. Figs.4.9A and 4.9B
show the flow cytometry plots from the bottom and top standard samples and demonstrate the
gating strategy to identify each analyte. Fig.4.9C shows an example of a curve generated from the
standard samples with known concentrations, and Fig.4.9D shows the results from one test sample,
with varying amounts of the different analytes.

Figs.4.10A—4.10J show a comparison of the amounts of IFN-v, IFN-a2, IFN-35, TNF-«,
IFN-A1, IFN-A2/3, IL-1/3, IL-8, IL-10 and GM-CSF in supernatants from PBMCs or CD4™ cells
that had been co-cultured with wildtype Merlin HCMV, AUS2-11 Merlin HCMV, or uninfected
autologous fibroblasts. The E:T ratio at which the immune cell population was added to the

fibroblasts is shown in parentheses in the sample name.

The cytokine that was found in the highest concentration in the “CD4 + WT"”, “PBMC
+ WT" and “CD4 + AUS2-11" secretomes was IFN-v. Other cytokines found in high con-
centrations in these secretomes were the type | interferons, IFN-a2 and IFN-3; TNF-«, IL-10
and GM-CSF. These results showed similar trends as the results from the cytokine array in
Fig.4.7.
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Figure 4.10: Quantification of amounts of various cytokines in secretomes of CD4* cells or
PBMCs incubated with HCMV-infected autologous fibroblasts

Secretomes of PBMCs or CD4™ cells co-cultured with Merlin WT- or AUS2-11-infected autologous
fibroblasts were assayed using the LegendPlex™ assay as described in Fig.4.10. Secretomes from
one representative donor out of 2 is shown. Figs.4.10A-4.10J show amounts of IFN-v, IFN-a2,
IFN-53, TNF-a, IFN-A1, IFN-A\2/3, IL-18, IL-8, IL-10 and GM-CSF in these secretomes. Error bars
represent SD of duplicate readings, statistics performed with Student’s t-test. (*p<0.05;
**p<0.01; ****p<0.0001; ns = not significant)
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4.6 Effects of IFN-v on HCMV gene expression in the

viral dissemination assay

The results from Section 4.5 show that IFN-+ was the cytokine that was found in the
highest concentration in the secretomes that had been obtained from co-cultures with infected
fibroblasts. IFN-~ is a type Il interferon, a non-covalently linked 34 kDa homodimer that was
initially identified by its antiviral activity in nonimmune cells [636]. It was subsequently found
to regulate a wide range of immune responses and is a master regulator of the T,1 response.
Classically thought to only be produced by CD4™ T,1 cells, cytotoxic CD8" and NK cells,
it was subsequently found that B cells, NKT cells and professional antigen-presenting cells
also secrete IFN-v [510]. IFN-7 production is controlled by cytokines secreted by APCs, most
notably IL-12 and IL-18. It has been shown to upregulate MHC Class | and Il expression,
activate macrophages/microglia, act as a cytostatic agent on numerous normal and oncogenic

cell lines, and induce several interferon-inducible antiviral mechanisms [156, 510].

Other cytokines which had antiviral effects that were found to be upregulated in the
secretomes by LegendPlex™ assay were the type | interferons (IFN-a:2 and IFN-3) and TNF-
«. However, as IFN-v was found in much higher concentrations than these other cytokines, |
decided to focus first on examining the effects of IFN-y on HCMV-infected cells.

4.6.1 IFN-~ limits late viral gene expression at lower concentrations

To determine the extent to which IFN-vy was responsible for the antiviral effects of the
secretome when it was added to the viral dissemination assay, | first needed to investigate its
effects when added to HCMV-infected cells. It would be expected that addition of IFN-v to a
well of HCMV-infected fibroblasts (in the absence of any effector immune cells) would result
in reduced amounts of infected cells via induction of an antiviral state in fibroblasts that had

yet to be infected, though the degree to which this would occur is unknown.

Primary dermal fibroblasts from 4 different donors were infected with Merlin WT virus (MOI
= 0.023). At 1 dpi, IFN-vy (500pg/ml) was added to half the wells and further incubation was
carried out before harvests at 3, 5 and 8 dpi. Fig.4.11 shows amount of mCherry™ GFP~ (left
column) and mCherry™GFP™ (right column) cells at each of these timepoints. It can clearly
be seen that addition of IFN-y at 1 dpi does not inhibit spread of mCherry*GFP~ (IE viral
gene expression), but it significantly inhibits amount of mCherrytGFP™ (late gene expression)
at 8 dpi. However, it does not eliminate late CMV gene expression fully, as there was still
a small percentage of cells at 8 dpi that were mCherry"™GFP*. These mCherry™GFP™ cells
were most likely to be the initial population of cells that were mCherry™GFP- at 1 dpi. The
implication, therefore, is that IFN-v is not able to prevent viral entry into uninfected cells,

nor can it prevent a cell from progressing to late CMV gene expression if it is added after
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the cell has undergone viral entry, but it can arrest progression to late CMV gene expression
if it is added before the virus has entered the cell. In addition, it is also unable to prevent
production of new virions in cells that have progressed to late CMV gene expression, as there
was an increase in the amount of mCherry™ GFP- cells even in wells that had IFN-y added,

which meant that there was new virion production and viral entry.

There was also a decrease in amount of mCherrytGFP~ cells from days 5 to 8 post-infection
in 2 donors (CMV 342 and 307). This was probably because there was a high percentage of
mCherrytGFP- cells at 5 days post-infection in these 2 donors, which meant that there was
a high number of cells that had viral entry in the initial replicative cycle, likely leading to cell
death by day 8 post-infection, and an apparent decrease in the proportion of mCherry™GFP-

cells.
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Figure 4.11: Addition of IFN-v limits late viral gene expression in HCMV-infected
fibroblasts

Primary dermal fibroblasts from 4 healthy donors were seeded in 96-well plates and grown to
confluency overnight before infection with Merlin WT (MOI = 0.023). At 1 dpi, IFN-y (500pg/ml)
was added to half of the infected wells, the remaining wells had a change of media. Cells were
harvested at 3, 5 and 8 dpi and analysed by flow cytometry. The mean amount of mCherry™GFP-
cells at each timepoint, expressed as a % of total cells in the well, is shown on the left column;
right column shows the same for mCherry ™ GFP™ cells. Error bars represent SD of triplicate wells.
Statistics performed using Student's t-test. (*p<0.05; ¥**p<0.01; ***p<0.001; ****p<0.0001; ns
= not significant)
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4.6.2 Inhibition of IE gene expression by IFN-~v is dose-dependent

The previous experiment showed that, at concentrations of 500pg/ml, IFN-v was able to
limit late CMV gene expression, but had much less effect on I[E CMV gene expression. To
investigate if IFN-v could inhibit IE gene expression at higher concentrations, the experiment
was repeated with different concentrations of IFN-~. Primary dermal fibroblasts were infected
with Merlin WT (MOI = 0.03) after seeding in a 96-well plate and grown to confluency
overnight. At 1 dpi, IFN-y was added at 500, 1000, 3000 or 6000 pg/ml, or media was
changed (infected controls). Wells were harvested at 4, 8 and 11 dpi and analysed by flow
cytometry. Fig.4.12A shows that there is a dose-dependent inhibition of mCherryt GFP~ while

Fig.4.12B shows that, even at low doses, there is inhibition of mCherry™GFP* expression.
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Figure 4.12: Interferon-v limits late viral gene expression in a dose-dependent manner
Primary dermal fibroblasts were infected with Merlin WT (MOI = 0.03) after seeding in a 96-well
plate and grown to confluency overnight. At 1 dpi, IFN-+ was added at 500, 1000, 3000 or 6000
pg/ml, or media was changed (infected controls). Wells were harvested at 4, 8 and 11 dpi and
analysed by flow cytometry. Mean amounts of mCherrytGFP~(Fig.4.12A) and

mCherry™ GFP*(Fig.4.12B) is shown, expressed as a % of total cells in the well. Error bars
represent SD of triplicate wells. Statistics performed using Student's t-test. (*p<0.05; **p<0.01,;
***p<0.001; ****p<0.0001; ns = not significant)
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4.6.3 IFN-v induces HLA-DR on fibroblasts in a time- & concentration-

dependent manner

IFN-~ has been shown to induce MHC Class Il expression on somatic cells that do not
constitutively express this molecule [553]. To further understand the effects of IFN-~-mediated
upregulation of HLA-DR on fibroblasts, IFN-y was added to primary dermal fibroblasts at
concentrations of 625, 1250, 2500 and 5000 pg/ml. These fibroblasts were then harvested
and stained for HLA-DR at 24, 48 and 72 hours post-addition of IFN-v. Fig.4.13A shows
that the effects of IFN-y-mediated upregulation of HLA-DR increases with increasing dose of
IFN-v, up to a maximum of approximately 1250 pg/ml. Between the 24, 48 and 72 hour
timepoints, HLA-DR was maximally upregulated at 72 hours. This was repeated with IFN-
~ dose of 1000 pg/ml for timepoints of 24, 48, 72 and 144 hours. Fig.4.13B shows that
maximal upregulation occurred at 72 hours, and by 144 hours, the amount of HLA-DR on the
cell surface had reduced. This was likely to be due to uptake of IFN-+ by the cells leading to

exhaustion of the amount of IFN-~ present in the media.

@
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Figure 4.13: IFN-v induces expression of HLA-DR on fibroblasts in a time- and
concentration-dependent manner

IFN-+ was added to dermal fibroblasts at concentrations of 625, 1250, 2500 and 5000 pg/ml, then
harvested and stained for HLA-DR at 24, 48 and 72 hours post-addition of IFN-v. Fig.4.13A shows
the histograms of amount of HLA-DR at the various concentrations at each timepoints. IFN-y was
then added to fibroblasts at 1000 pg/ml and stained for HLA-DR at 24, 48, 72 and 144 hours
post-addition of IFN-v. Fig.4.13B shows the histograms of the amount of HLA-DR at each of these
timepoints. One representative replicate out of two is shown.
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4.6.4 The CD4™ cell secretome induces MHC Class Il on fibroblasts
via IFN-~

Having shown that the secretome of CD4" cells co-cultured with Merlin WT or AUS2-11
virus is able to inhibit both IE and late phase viral gene expression, and by extension can
limit both viral dissemination and the full lytic viral life cycle, | next examined the effect this
secretome had on these cells. CD4" cells recognise virus-infected cells by antigen presentation
via the MHC Class Il antigen presentation pathway. As discussed in Section 1.2.6.2, IFN-~ is
able to induce expression of MHC Class Il on cells that do not constitutively express it, such
as fibroblasts [553]. | investigated if the secretome from CD4" cells co-cultured with Merlin
WT-infected autologous fibroblasts was able to induce MHC Class Il on uninfected fibroblasts,
and whether this could be blocked by an anti-IFN-~v antibody.

Primary dermal fibroblasts were seeded in 96-well plates and incubated for 3 days under one
of the following conditions: IFN-+ 2000pg/ml (Fig.4.14A), “PBMC + WT" secretome with or
without anti-IFN-+ antibody (Fig.4.14B), “CD4 4+ WT secretome” with or without anti-IFN-~y
antibody (Fig.4.14C), or “CD4 + uninf” secretome (Fig.4.14D). They were then stained for
HLA-DR and analysed by flow cytometry. Fig.4.14A shows that HLA-DR is upregulated when
fibroblasts were incubated with IFN-v, Figs.4.14B & 4.14C show that “PBMC + WT" and
“CD4 4+ WT" secretome induces HLA-DR expression on fibroblasts, which is abrogated by
addition of anti-IFN-v antibody, and Fig.4.14D shows that “CD4 + uninf" secretome does

not induce HLA-DR expression on fibroblasts.
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Figure 4.14: “CD4 + WT" secretome induces HLA-DR expression in fibroblasts via IFN-~
Primary dermal fibroblasts were incubated under the following conditions for 3 days before staining

for HLA-DR: incubation with IFN-v (2ng/ml) (Fig.4.14A), “PBMC + WT" secretome with or
without anti-IFN-v antibody (Fig.4.14B), "CD4 4+ WT secretome” with or without anti-IFN-~

antibody (Fig.4.14C), or “CD4 + uninf” secretome (Fig.4.14D).
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4.7 Control of viral dissemination in other cell types

Clinical HCMV infection has protean manifestations, due to the ability of HCMV to infect
multiple cell types in vivo. In episodes of disseminated disease, HCMV can be found in
multiple organs, including the lung, kidney, pancreas, spleen, adrenals, bowels, liver, brain,
bone marrow, eyes and heart [125,196,262,405,467,529]. In cases of congenital disease, it is
also known to infect the placenta [59]. Histopathological examination of infected organs reveal
that fibroblasts are a major target of HCMV infection in vivo but endothelial cells, epithelial
cells and smooth muscle cells are also frequently found to harbour HCMV [530]. It would thus
be relevant to investigate if the CD4™ cell secretome has effects on these other cell types as

well.

4.7.1 CD4" cell secretome induces HLA-DR on retinal pigmented

epithelial cells in a concentration-dependent manner

ARPE-19 is a spontaneously arising human retinal pigmented epithelium cell line with
structural and functional properties characteristic of retinal pigmented epithelium cells in vivo
[138]. In histopathological examinations of eyes with CMV retinitis, viral presence was found
within retinal pigment epithelial cells [467], though it is hypothesised that entry of the virus
into the retina is likely due to infection of the blood vessels entering the retina accompanied by
local inflammation [195,434,463]. An interesting observation is that CMV retinitis is frequent
in congenital CMV infection and in late stage AIDS, but not in transplant patients. This is
likely because periods of prolonged HCMV replication and presumably viraemia are required to
develop the pathological changes that lead to viral entry into the retina, and in the setting of

post-transplant patients with close monitoring for CMV viraemia, this is less likely to occur.

In addition, epithelial cells are also a target for HCMV infection [63,530]. During acute
infection, late-stage infected epithelial cells have been detected in salivary glands, kidneys and
in the gastrointestinal tract [59, 530, 605] and are likely to be the source of viral shedding
into saliva, urine and stools [529]. Thus, | proceeded to examine the effects of the CD4™ cell

secretome on ARPE-19 cells.

Firstly, to show that HLA-DR can be induced by IFN-y on ARPE-19 cells, IFN-+ was added
at a concentration of 2000pg/ml and incubated for 48 hours, then stained for HLA-DR and
analysed by flow cytometry. Fig.4.15A shows that expression of HLA-DR on the surface of
ARPE-19 cells can be upregulated by IFN-v. Next, secretomes from CD4" cells co-cultured
with Merlin WT (“CD4 + WT") or uninfected autologous fibroblasts (“CD4 + uninf”) were
made as described in Section 2.13 and were added to ARPE-19 cells at dilutions of 1:2, 1:4
or 1:8 and incubated for 48 hours before staining for HLA-DR. Fig.4.15B shows that the
secretome of CD4™ cells co-cultured with Merlin WT-infected fibroblasts is able to induce

expression of HLA-DR on ARPE-19 cells. This effect is concentration-dependent, as seen in
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Fig.4.15C, where the amount of HLA-DR induced decreases with increasing dilution of the

secretome.
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Figure 4.15: Secretomes from CD4% cells co-cultured with HCMV-infected autologous

fibroblasts can induce HLA-DR expression on adult retinal pigmented epithelial cells in a
concentration-dependent manner

IFN-y (2000pg/ml) was added to ARPE-19 cells and incubated for 48 hours, then stained for
HLA-DR. Fig.4.15A shows histograms of amount of HLA-DR on ARPE-19 cells with and without
IFN-v added. Subsequently, secretomes from CD4™ cells co-cultured with Merlin wildtype
HCMV-infected autologous fibroblasts (“CD4s + WT"), or co-cultured with uninfected fibroblasts
(“CD4s + uninf") were added to ARPE-19 cells at dilutions of 1:2, 1:4 or 1:8 and incubated for 48
hours, before staining for HLA-DR. Fig.4.15B shows a comparison of the amount of HLA-DR
induced by the different secretomes at 1:2 dilution, and Fig.4.15C shows a comparison of the

amount of HLA-DR induced by 1:2, 1:4 and 1:8 dilutions of secretome from CD4™ cells co-cultured
with Merlin WT strain of HCMV-infected autologous fibroblasts.
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4.7.2 CDA4™ cell secretome induces HLA-DR on human umbilical vein

endothelial cells

HUVECs, as their name suggests, are endothelial cells obtained from the vein of the human
umbilical cord and used as a laboratory model for endothelial cells. There is marked HCMV
tropism for endothelial cells in vivo [529] and HCMV-infected endothelial cells can be detected
in the microvasculature of multiple organs that HCMV infects, including but not limited to the
brain [640], liver [58], gastrointestinal tract [487,530], kidneys, heart [405] and lungs [530].
There has been some conflicting evidence in the ability of endothelial cells of arterial origin to
support productive lytic infection [161,278], but HUVECs have been shown to be supportive
of productive lytic HCMV infection [613,614].

To examine if the CD4™ cell secretome induces HLA-DR on HUVECs, secretomes from
CD4 cells co-cultured with wildtype Merlin (“CD4s + WT") or AUS2-11 Merlin (“CD4s +
AUS2-11") strain of HCMV-infected autologous fibroblasts, or co-cultured with uninfected
fibroblasts (“CD4s + uninf”), were made as described in Section 2.13. These secretomes were
added to HUVECGs at dilutions of 1:2, 1:4 or 1:8 and incubated for 48 hours before staining
for HLA-DR. As a positive control, IFN-y at 1000pg/ml and 2000pg/ml were also added
to HUVECs over the same time period. The results demonstrate that IFN-v shows a dose-
dependent ability to induce HLA-DR on HUVECs (green and blue histograms, Fig.4.16A),
and that both “CD4s + WT" and “CD4s + AUS2-11" secretomes are also able to do so to
approximately the same degree (purple and green histograms, Fig.4.16B) but not the “CD4s
+ uninf” secretome (grey histogram, Fig.4.16B). Dilution of the “CD4 + WT" secretome
to 1:4 and 1:8 reduces the amount of HLA-DR induced to a small degree (orange and cyan
histograms, Fig.4.16C). However, dilution of the “CD4 + AUS2-11" to 1:8 does not appear
to decrease the amount of HLA-DR induced on HUVECs (Fig.4.16D).
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Figure 4.16: Secretomes from CD4% cells co-cultured with HCMV-infected autologous
fibroblasts can induce HLA-DR expression on human umbilical vein endothelial cells
Secretomes from CD4™ cells co-cultured with wildtype Merlin (“CD4s + WT") or AUS2-11 Merlin
(“CD4s + AUS2-11") HCMV-infected autologous fibroblasts, or co-cultured with uninfected
fibroblasts (“CD4s + uninf”), were added to HUVECs at dilutions of 1:2, 1:4 or 1:8 and incubated
for 48 hours before staining for HLA-DR. Incubation of HUVECs with IFN-y (2ng/ml) for 48 hours
was used as positive control. Fig.4.16A shows the amount of HLA-DR induced on HUVECs by
IFN-7 (2ng/ml) after 48 hours, Fig.4.16B shows a comparison of the amount of HLA-DR induced
by the different secretomes in comparison to IFN-v (2ng/ml), Fig.4.16C shows the amount of
HLA-DR induced by 1:2, 1:4 and 1:8 dilutions of “CD4 + WT" secretome, and Fig.4.16D shows
the amount of HLA-DR induced by 1:2, 1:4 and 1:8 dilutions of “CD4 + AUS2-11" secretome.
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4.7.3 IFN-~ inhibits viral dissemination in human umbilical vein en-

dothelial cells

The results in Section 4.7.2 appear to suggest that HUVECs are fairly sensitive to the effects
of IFN-~, although a dose-dependent response of upregulating MHC Class Il in response to
IFN-v was not done in ARPE-19 cells.

HUVECSs were used in a viral dissemination assay to determine the effect of IFN-~ treatment
on viral dissemination and viral gene expression. HUVECs were infected with TB40/E UL32-
GFP virus at MOls of 0.05, 0.1, 0.2 and 0.4. At 1 dpi, 2000pg/ml of IFN-y was added. At 6
dpi, IFN-y was topped up by removing media in the wells and adding fresh media with IFN-~
(2000pg/ml) or media was changed in the untreated controls. At 12 dpi, cells were harvested
and stained for expression of HLA-DR and analysed by flow cytometry.

The reason for using the TB40/E instead of the Merlin strain of HCMV in this experiment
is because the Merlin strain is a BAC-cloned version of a clinical isolate with point mutations in
RL13 and UL128 [550] that allows it to propagate well in fibroblasts but shows poor infection of
endothelial cells, monocytes and dendritic cells [122,189,609]. The TB40/E strain of HCMV
is a strain that retains tropism for endothelial cells despite propagation and purification in
fibroblasts [531] and thus was used for this experiment. The TB40/E strain used in this
experiment has GFP tagged to UL32.

Fig.4.17B shows that addition of IFN-y (2000pg/ml) at 1 dpi inhibits late gene expression
in HUVECs at most MOls tested. Fig.4.17C shows that in the wells without IFN-+ added,
there were GFP™ cells but no obvious upregulation of HLA-DR. However, in the wells that had
IFN-~ added, there were cells that had HLA-DR upregulated on their cell surface which did not
have virus that had reached the phase of late gene expression, while there cells that had late
viral gene expression which did not have upregulation of HLA-DR. The use of a single-tagged
GFP virus (as opposed to the mCherry-GFP double-tagged virus) meant that | was unable to

comment on whether there was viral entry in the cells that had upregulated HLA-DR.
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Figure 4.17: IFN-~ inhibits viral dissemination in human umbilical vein epithelial cells
HUVECs were infected with TB40/E UL32-GFP virus at various MOls as shown. 24 hours after

infection, IFN-v (2ng/ml) was added. At 6 dp

i, IFN-~ was topped up by removing media in the

wells and adding fresh media with IFN-v (2ng/ml) or media was changed in the untreated controls.

At 12 dpi, cells were harvested and stained for

expression of HLA-DR and analysed by flow

cytometry. Fig.4.17A shows experiment timeline, Fig.4.17B shows amount of GFP-expressing cells
at the various MOIs at 12 dpi, and Fig.4.17C shows amount of HLA-DR and GFP expression in a

flow cytometry plot of one representative MOI
performed using Student's t-test. (¥*p<0.05; n
BioRender.com.
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4.8 Control of viral dissemination by secretome is virustatic

and not virucidal

Having shown that the “CD4 4+ WT" secretome is able to limit viral replication and
dissemination, | next proceeded to examine if removal of the secretome restores this i.e. if the
secretome was virustatic or virucidal. Primary dermal fibroblasts were infected with Merlin WT
(at MOI 0.08) after seeding in 96-well plates overnight, and secretome from CD4" cells co-
cultured with Merlin WT-infected autologous fibroblasts was added (at 1:4 dilution) at 1 dpi.
After 6 further days of incubation, some wells with and without secretome were harvested and
analysed by flow cytometry, and half of the remaining wells that were treated with secretome
had a change of media, while the remaining half did not. After another 7 days’ incubation,

the plate was harvested and remaining wells analysed by flow cytometry.

Figs.4.18B, 4.18D and 4.18G show that at 7 dpi, wells that had secretome added had fewer
cells with IE gene expression than wells that did not have secretome added. At 14 dpi, the wells
that had the secretome washed off (at 7 dpi) had only a small (6.1%) increase in the amount
of cells with IE CMV gene expression compared to those that did not have secretome washed
off (Fig.4.18G, blue vs red lines; microscopy images in Figs.4.18C & 4.18F). However, they
had a large (23%) increase in late CMV gene expression (Fig.4.18H, blue vs red lines), nearly
to the same level as control wells that did not have the secretome added at all (Fig.4.18H,
black line; microscopy image in Fig.4.18E). The reason for the apparent decrease in amount of
IE CMV gene expression at 14 dpi in wells that did not have any secretome added (Fig.4.18G,
black line) is likely because most of the cells in these wells had become infected and already
progressed to late CMV gene expression by 14 dpi (Fig.4.18H, black line).

These results show that the cells that had viral entry prior to addition of secretome at 1 dpi
are unaffected by this and continue to progress to late CMV gene expression and new virion
production (Fig.4.18G & 4.18H, blue lines, 7 dpi). This explains why there is a continued
increase of IE CMV gene-expressing cells (i.e. there is continued viral entry and progression to
IE CMV gene expression), even in those wells that had secretome added. If the secretome is left
on, the continued presence of secretome still does not prevent progression to late CMV gene
expression in cells that had viral entry prior to addition of secretome, but prevents progression
to late CMV gene expression in most of those cells that had viral entry after addition of the
secretome. This explains why there was a continued increase in mCherry™GFP- cells, but very
little increase in mCherry™GFP™ cells in those wells that had secretome left on (Fig.4.18 &
4.18H, red lines, 14 dpi).

When the secretome was washed off, the cells that had expression of IE CMV genes were
then able to progress to late CMV gene expression, leading to resumption of the viral life
cycle, new virion production and continuation of viral spread. This explains the increase in
both mCherry™GFP~ and mCherry"™GFP™ cells at 14 dpi (Fig.4.18G & 4.18H, blue lines, 14
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dpi). Taken together, these results support the conclusion that the inhibitory effect of the
secretome is virustatic, but not virucidal, as washing off the secretome leads to a resumption

of both IE and late CMV gene-expressing cells.
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Figure 4.18: Washing off secretome allows progression of infection

Secretomes from CD4™ cells co-cultured with Merlin WT-infected autologous fibroblasts are added
to Merlin WT-infected fibroblasts at 1 dpi. After 6 days of incubation, some wells with and without
secretome were harvested, and half of the remaining wells that had secretome added had a change
of media, while the remaining half did not. After another 7 days’ incubation, the remaining wells
were harvested and analysed by flow cytometry. Fig.4.18A shows experiment timeline, Figs.4.18B
and 4.18D show fluorescence microscopy images at 7 dpi and Figs.4.18C, 4.18E and 4.18F show
images at 14 dpi of one representative replicate out of 3. Fig.4.18G shows amount of
mCherryTGFP- cells at each of the timepoints, expressed as a percentage of total cells in the well,
and Fig.4.18H shows the same for mCherrytGFP™ cells. Error bars represent SD of triplicate wells,
statistics performed using Student’s t-test. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns
= not significant) Fig.4.18A created at BioRender.com.
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4.9 Discussion

4.9.1 Co-culture of CD41t T cells with HCMV-infected fibroblasts

generates a virustatic secretome

The results presented in Chapter 3 showed that CD4* cells (isolated by positive MACS
with CD4 MicroBeads) from healthy HCMV-seropositive donors were able to control IE and
late CMV gene expression in vitro. In this chapter, | sought to determine if this means of

control was exerted by secreted factors (i.e. the secretome) of these CD4" cells.

Antiviral effect of the secretome in the VDA

In the work presented in Section 4.2.2, | showed that the supernatants of PBMCs and
CD4% cells that had been co-cultured with HCMV-infected fibroblasts were able to limit
both IE and late CMV gene expression. It might not be surprising that the supernatants
from PBMCs of HCMV-seropositive donors that had been co-cultured with HCMV-infected
fibroblasts were antiviral when tested in a viral dissemination assay. These PBMCs contain
CD8* and CD4" HCMV-specific memory T cells, as well as NK cells and monocytes that
likely interact to provide professional antigen presentation, driving T cell responses and limiting
immune evasion strategies of the virus. The observation that the supernatants of CD4" cells
alone added to HCMV-infected fibroblasts is antiviral suggests that these CD4" cells have the
ability to recognise HCMV-infected cells. This is able to occur despite the presence of immune
evasion genes present in the “wildtype” virus used in the experiments. Given that fibroblasts
do not usually express MHC Class Il, which would be required to present antigen to CD4™ T
cells, this result along with the original observation that CD4* cells from HCMV-seropositive

donors have antiviral activity is an unexpected observation.

| then showed that co-culture of immune cells with fibroblasts infected with HCMV which
had deletion of US2-11 genes results in a secretome that was more antiviral than that gen-
erated by co-culture with “wildtype” virus. This would suggest that removal of the ability
to downregulate MHC Class Il complexes by the virus allows more antigen presentation and
recognition by CD4" cells to occur, and therefore generation of a more antiviral secretome.
However, it is worth noting that the increase in antiviral activity of the secretome is only
marginal. A possible explanation for this observation is that the abrogation of downregulation
of MHC Class Il is incomplete, and the virus still retains some other MHC Class Il downreg-
ulation functions. Another possibility is that, when the secretomes were made, the immune
cells were added at a high E:T ratio (10 or 20:1). This would mean that co-culture with
wildtype virus-infected fibroblasts would probably already lead to maximal amounts of antivi-
ral cytokines produced, and it might have been difficult to produce any higher amounts of

cytokines, even with co-cultures with AUS2-11 virus-infected fibroblasts. A further possibility
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is that there may have been immune cells other than CD4" T cells in the cells selected by
positive selection MACS with CD4 MicroBeads, which might allow antigen presentation to the
CD4* T cells to occur.

Analysis of cytokines in the secretomes

The results of the multi-cytokine array and LegendPlex™ analysis of the secretomes sup-
port the observations made in the preceding section. The LegendPlex™ assay validated some

of the results from the cytokine array. The LegendPlex™

assay showed that the antiviral cy-
tokines that were found at the highest concentrations in the secretomes were I[FN-~, followed
by TNF-a. These two cytokines were also found to be upregulated in the “CD4 + WT" and
“CD4 + AUS2-11" secretomes by the cytokine array. The other antiviral cytokines found to

™ array were the type | interferons (IFN-a2 and IFN-3),

be upregulated on the LegendPlex
and type Ill interferons (IFN-A1). Unfortunately, the type | and Il interferons were not on the
list of cytokines that were tested by the cytokine array. However, TNF-a, IFN-« and IFN-3
are all known antiviral cytokines [328, 373, 433,510, 654], and were all shown to be able to
inhibit late CMV gene expression in a viral dissemination assay done at low concentrations of
approximately 50-100pg/ml in experiments done by a colleague in the group, while IFN-A1 did
not show any inhibition of viral spread on fibroblasts (Martin Potts, personal communication).
The IFN-) receptor is found mainly only on cells of epithelial origin [307, 328, 517], which
would explain why no antiviral effect on fibroblasts was seen. However, the presence of IFN-,
IFN-a2, IFN-5 and TNF-a at sufficiently inhibitory concentrations in the secretome could

explain the antiviral effect seen when the secretome was added to HCMV-infected fibroblasts.

Interestingly, another cytokine that was found to be upregulated on the LegendPlex™ assay
was the cytokine IL-10, which has been shown to be associated with inducing immunologic
tolerance and suppression of the immune response [33, 492, 560, 611]. In support of this
observation, earlier publications by our group and others have also shown that HCMV-specific
CD4™ T cells produce IL-10 responses to HCMV peptides [105,256,257], and it is well-known
that HCMV encodes a viral ortholog of IL-10 [306], cmvIL-10, which suppresses immune cell
activation [265,545] and induces expression of cellular IL-10 [30, 449].

The LegendPlex™ assay also showed that GM-CSF and IL-13 were upregulated in the
secretome. IL-1/3 has been shown to inhibit HCMV growth in stromal cells [253] and HCMV
has been shown to be able to activate IL-1/ gene transcription [625], both of which would add
to the antiviral effects of the secretome, while IL-17 is known to stimulate GM-CSF production
[7,50]. The presence of GM-CSF in the secretome could also lead to differentiation of any
monocytes present into dendritic cells [249, 370], which are professional antigen-presenting
cells that could activate CD4™ T cells.

When the results of these earlier sections are considered together with the results in Section
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4.8, it would appear that, overall, the cytokines in the secretome are not able to prevent viral
entry into the cell, nor are they able to prevent progression to IE CMV gene expression.
However, they are able to put the cell into an antiviral state, such that there is decreased
progression to late CMV gene expression. Removal of the secretome by washing then removes
these antiviral effects and allows progression of these IE CMV gene-expressing cells to late

CMV gene expression.

4.9.2 Effect of deletion of US2-11 on the secretome

The US2-US11 region of the HCMV genome encodes for 4 proteins that contribute to
immune evasion mechanisms of CD41 T cells by HCMV, by disruption of either MHC Class
| or Il assembly or transport [268,440]. Therefore, we would expect that cells that had been
infected with HCMV containing a deletion of US2-11 would not downregulate MHC Class |
or Il on the cell surface and should thus be able to present antigen despite infection. We
would hypothesise that, in the presence of larger amounts of antigen presentation, there would
be larger amounts of IFN-vy and other antiviral cytokines produced. The results in Fig.4.5
appear to support this, as the secretome from CD4" cells co-cultured with Merlin AUS2-11
virus appear to be able to suppress both IE and late viral gene expression to a slightly greater
degree than those from CD4" cells co-cultured with Merlin WT virus. When examined for
ability to induce HLA-DR, the secretome from CD4™" cells co-cultured with Merlin AUS2-11
virus also appears to be able to induce HLA-DR expression in HUVECs to a similar degree as
secretome from CD4* cells co-cultured with Merlin WT virus (Fig.4.16B). The result from
the multi-analyte cytokine array also appears to support this—IFN-v was highly upregulated
in the “CD4 + AUS2-11" secretome compared to the “CD4 + uninf" secretome (Fig.4.7B).
When quantified by the flow cytometry-based assay, Fig.4.10 shows that the amount of IFN-~
in the “CD4 + AUS2-11" secretome was similar to that found in the “CD4 + WT" secretome,
although it is worth noting that the amounts of IFN-~ detected approached the upper limits
of the assay and thus differences in the amount of IFN-y between the secretomes may not

have been able to be detected.

4.9.3 The role of IFN-v in the secretome

IFN-+ was found to be one of the most upregulated cytokines in the secretomes of CD4*
cells co-cultured with HCMV-infected fibroblasts. In this chapter, | have also investigated
the effects of adding IFN-y to HCMV-infected fibroblasts. IFN-y was added at 1 dpi post-
infection, but the amount of IE CMV gene-expressing cells was only marginally different to
the amount of IE CMV gene-expressing cells in HCMV-infected fibroblasts that did not have
IFN-~ added. This suggests that IFN-~ is unable to prevent viral entry into cells and that viral

gene expression could take place, at least for IE and UL36 genes.
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The continued increase in amount of IE CMV gene-expressing cells at each timepoint would
suggest that there is a persistent source of viral replication producing fresh virions that infect
the cells. However, wells that had IFN-+ added did not have an increase in the amount of late
CMV gene-expressing cells (and therefore, by implication, infected cells producing new virions)
beyond the initial amount that was seen at the 3 days post-infection timepoint. The source
of this persistent viral replication is therefore likely to be these late CMV gene-expressing cells
that had been infected during the initial 24 hours pre-addition of IFN-y. This would suggest
that IFN- is unable to arrest progression to late CMV gene expression and productive infection
once viral entry and progression to IE CMV gene expression has occurred. Thus, IFN-v is not
able to prevent viral entry to an uninfected cell, nor progression to late gene expression in a
cell that has undergone viral entry, but it is able to prevent progression to late CMV gene

expression in a cell that has not yet had viral entry.

Interferon-y mediates its effects via the IFN-~ receptor, which leads to IFN-~-stimulated
gene (ISG) transcription and CIITA gene transcription [279,510]. Transcription of ISGs leads to
myriad downstream antiviral effects of IFN-~y, which include (but are not limited to) expression
of antiviral mediators such as PKR (IFN-induced, RNA-activated protein kinase) which can
interfere with protein translation [283,495], ISG15 (interferon-stimulated gene 15 kDa protein)
which can be conjugated to target viral proteins [141,536], and Viperin, which interferes with
viral assembly and egress [372]. Viperin was initially identified in human primary macrophages
stimulated with IFN-+y and in fibroblasts infected with HCMV [101, 660]. The overall effect
of addition of IFN-y on a cell that has not yet had CMV entry in the VDA appears to be
insufficient to completely prevent expression of IE genes, but sufficient to prevent progression
to late CMV gene expression. This is supported by the data in Fig.4.12, where even at supra-
physiologic doses of IFN-y (6000pg/ml), there was still the presence of mCherry™GFP~ cells,
but the amount of mCherrytGFP- did decrease with increasing doses of IFN-.

That IFN-~ is unable to prevent viral entry into an uninfected cell is perhaps unsurprising, as
viral entry occurs via attachments of the pentamer complex to heparan sulphate proteoglycans
on the cell surface [110,287], which IFN-y would be unable to interfere with. After viral entry,
however, HCMV encodes multiple immune evasion genes that can counteract the effects of
IFN-~: UL23, which binds to the STAT effector protein N-myc [157]; UL31, which binds cGAS
and results in inhibition of interferon-associated gene transcription [242]; and UL82 (pp71),
which can inhibit Stimulator of Interferon Genes (STING) [175]. The kinetics of pUL23 are
not fully determined but it arises from the pUL22 family, which is expressed at early times
(24h) post-infection [395]. UL31 was previously reported to be a late protein of HCMV [635],
but the presence of pUL31 has also been detected as early as 6 hours post-infection [242],
while pp71 is a tegument protein which activates viral immediate-early transcription and has
a role in initiating lytic infection [280]. In a fibroblast that had been induced into an antiviral

state by IFN-y prior to CMV entry, it is unclear which of these genes had been expressed.
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Ultimately, however, the action of these IFN-v-evasion genes and their products are still unable
to overcome the effects of IFN-v in the secretome, if at least only temporarily. Nonetheless,
upon washing off the secretome (and therefore removal of IFN-v), HCMV in these cells are

then able to express these genes and progress to late CMV gene expression.

Following on from this, an additional experiment could have been to sort for mCherry™ GFP-
fibroblasts, from conditions with and without IFN-v added, and possibly perform PCR anal-
yses or RNA sequencing analysis, in order to determine if these IFN-+ genes had been ex-
pressed and were ineffective, and also to find out specifically where in the viral life cycle
these mCherry™ GFP- cells had been “halted” while in the presence of extracellular IFN-v or

secretome.

4.9.4 Questions that remain

It still remains unexplained how CD4™ cells are able to recognise virus-infected fibroblasts.
IFN-~ is produced as a result of activation of CD4™" T cells, which occurs with antigen presen-
tation, but IFN-~ is required to induce MHC Class Il complexes in the first place, so it is still
unclear where the source of this initial IFN-~ is. The presence of other types of interferons
(i.e. type | and type Il interferons) would suggest that there were other immune cell types
in the CD4™ cell population, as these cytokines are not typically produced by antigen-specific
T cells. A known cell type which produces large amounts of type | interferons in response
to viral infections is pDCs [563], which have been shown to respond to HCMV-infected cells
by secretion of large amounts of IFN-« [318, 657]. Other possible antigen presenting cells
are monocytes [259], which, in the presence of GM-CSF and IL-4 in the secretome, could
differentiate into monocyte-derived dendritic cells, which have also been shown to be able to
present antigen via MHC Class Il pathways [166, 305,612].

151






Chapter 5

How do CD4™ T cells recognise
HCMV-infected fibroblasts and exert

their antiviral effect?

5.1 Introduction

The data presented in Chapter 3 demonstrated that PBMCs, CD4™" cells, and CD8" T
cells from HCMV-seropositive donors are able to limit IE and late CMV gene expression to
varying degrees. As discussed in the Introduction, (Sections 1.2.1-1.2.2), antigen presen-
tation to CD4™ T cells via the MHC Class |l pathway induces CD41 T cell activation, and
cytokines present in the microenvironment then influence differentiation into the various CD4*
T cell subsets. This mechanism explains how CD4" T cells could contribute to limiting vi-
ral dissemination when PBMCs are added to the viral dissemination assay—the presence of
antigen-presenting cells in the PBMCs added to the assay, such as CD14" monocytes and
dendritic cells, can process and present antigens to CD4" T cells, while the presence of IFN-
~-producing cells in PBMCs, such as CD8*" T cells and NK cells, can induce MHC Class Il on
fibroblasts in order that they may process and present HCMV antigens to HCMV-specific CD4*
T cells. However, it fails to explain how isolated CD4™ cells co-cultured with HCMV-infected
fibroblasts can recognise the infected cells in order to mediate their effector function, as there
is no obvious mechanism for MHC Class Il presentation and thus MHC Class Il upregulation

in order to drive this control over viral spread, such as was observed in Fig.3.18.

In Chapter 4, | showed that the secretome generated by these CD4" cells was virustatic,
and that IFN-v in the secretome was at least partly responsible for this effect. IFN-v is the
canonical cytokine produced by CD4™ T.1 cells in response to activation following antigen
presentation [5,290,400,562]. This demonstrates one mechanism of how the CD4™ cells added
to the assay could have exerted their antiviral effects, but it still did not explain how IFN-vy

production was initiated in the absence of antigen presenting cells when CD4" cells were added
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to the VDA.

In order to obtain optimal numbers of CD4" and CD8" T cells and NK cells from a single
defrosted sample of PBMCs, positive selection with MACS columns by CD4 MicroBeads was
used to isolate CD4™ cells when performing the viral dissemination assays on healthy HCMV-
seropositive and HCMV-seronegative donors in Chapter 3. CD4 MicroBeads (Miltenyi) consist
of MicroBeads conjugated to monoclonal anti-human CD4 antibodies. However, the CD4
marker is not only found on CD4" T cells, but also on CD4"CD8" T cells, monocytes [292],
dendritic cells [260,432] (both plasmacytoid DCs and conventional /myeloid DCs), and a small
number of neutrophils [60], CD34" progenitor cells [363,658], and NK cells [51]. The CD4*
T cell Isolation Kit (Miltenyi) utilises a cocktail of biotin-conjugated monoclonal antibodies
against CD8a, CD14, CD15, CD16, CD19, CD36, CD56, CD123, TcRy/é and CD235a and
secondary anti-biotin and anti-CD61 antibodies conjugated to MicroBeads to remove these

cell populations to leave behind a “pure” CD4" T cell population.

In this chapter, | first examined if the antiviral effect of adding CD4* cells to HCMV-
infected cells was mediated by IFN-y and the resultant MHC Class Il expression. Then,
to investigate the differences between cell populations obtained using CD4 MicroBeads and
those obtained using the CD4™1 T cell Isolation Kit, | performed phenotyping analyses on these
populations. To investigate if there were functional differences between these two populations,
| then added the cell populations obtained using these two different methods to the viral

dissemination assay.

5.2 Effects of CD41 cells on HCMV-infected fibroblasts
are at least partially mediated by IFN-~

5.2.1 MHC Class Il is induced on uninfected cells exposed to CD4*
cells, which is abrogated by blocking IFN-~

In the previous chapter | showed that IFN-~ in the secretome of CD4™" co-cultured with
HCMV-infected fibroblasts was at least partially responsible for the antiviral effects of the
secretome. | also showed that addition of IFN-~ to uninfected fibroblasts led to upregulation
of MHC Class Il on the cell surface, while addition of IFN-y to HCMV-infected fibroblasts did
not prevent viral entry, but could prevent progression to late CMV gene expression in cells that
had not been prior-infected. | next wanted to examine if addition of CD4™" cells would also lead
to upregulation of MHC Class Il, and whether addition of anti-IFN-v antibody would neutralise
this effect. To address this, primary dermal fibroblasts from an HCMV-seropositive donor were
infected with Merlin WT virus (MOl = 0.04) after seeding overnight in a 96-well plate. At
1 dpi, CD4" cells were isolated by positive selection on MACS with anti-CD4 MicroBeads

and were added to the virus-infected autologous fibroblast cultures at E:T ratios of 3, 1.5 or
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0.75:1, with or without anti-IFN-~y antibody (at 10ug/ml). The plate was then incubated for a

further 7 days before harvest, staining for HLA-DR expression and analysis by flow cytometry.

Fig.5.1A shows a representative FACS plot of a well with CD4* cells added at E:T ra-
tio of 1.5:1, and the gating strategy used to obtain mCherry GFP-, mCherry*GFP~ and
mCherry" GFP™ sub-populations. The amount of surface HLA-DR expression is highest on
the mCherry"GFP~ (uninfected) sub-population of cells (blue histogram), but this is down-
regulated following CMV infection and expression of mCherry™GFP~ (red histogram), and
eventually as late phase gene expression is reached (green histogram), surface expression of
HLA-DR is almost completely absent, as evidenced by this sub-population showing amounts

of fluorescence similar to that seen in unstained samples (grey histogram).

Figs.5.1C, 5.1D & 5.1E show the amounts of IE and late CMV gene-expressing cells when
CD4* cells were added to HCMV-infected cells at E:T ratios of 0.75:1, 1.5:1 and 3:1 (solid
red and green bars), and when CD4" cells and anti-IFN-y antibody were added to the wells
(outlined pink and pale green bars). Fig.5.1F shows the amounts of surface HLA-DR expression

on the uninfected (i.e. mCherry"GFP") population of cells from the same wells.

These results show that CD4" cells were able to limit IE CMV gene expression in an E:T-
dependent manner when added to HCMV-infected cells (solid red bars). When anti-IFN-y
antibody was added to the wells, this effect was completely abrogated at the E:T ratios of
0.75:1 and 1.5:1, and was partially abrogated (to approximately 50%) at the higher E:T ratio
of 3:1 (pink outlined bars). For late CMV gene expression, there was also an E:T-dependent
limitation of late CMV gene expression (solid green bars), and addition of anti-IFN-y antibody
tended to increase the frequency of cells expressing the late CMV gene UL32, particularly
at E:T ratios of 1.5:1 and 0.75:1, although the differences were not statistically significant
(outlined pink bars). When these fibroblasts were stained for HLA-DR expression (Fig.5.1F),
the results show that the amount of surface HLA-DR on the mCherry GFP~ populations in
these wells increases with increasing E:T ratio (red histograms). When anti-IFN-v antibody

was added to the wells, this upregulation was removed (blue histograms).

Three conclusions can be drawn from this experiment: (1) addition of CD4" cells to
autologous HCMV-infected fibroblasts can induce MHC Class Il expression on the uninfected
sub-population of fibroblasts in the same well; (2) the greatest downregulation of MHC Class
Il complexes occurs on cells that have progressed to late CMV gene expression—i.e. cells that
have been infected for the longest duration; (3) addition of anti-IFN-y antibodies abrogates
the control of IE and late CMV gene expression that CD4* cells exert on HCMV-infected cells,
and also prevents MHC Class Il upregulation induced by these CD4™ cells.
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Figure 5.1: Surface expression of HLA-DR is upregulated by addition of autologous CD4+
cells to autologous infected fibroblasts, which is blocked by addition of anti-IFN-+ antibody
Primary dermal fibroblasts were infected with Merlin WT (MOI = 0.04). At 1 dpi, autologous
CDA4™ cells were obtained from defrosted PBMCs by MACS positive selection and added at E:T
ratios of 3, 1.5, and 0.75:1, either with or without anti-IFN-v antibody (10ug/ml), then incubated
for a further 7 days before harvest and staining for HLA-DR. Fig.5.1A shows the gating strategy to
obtain mCherry"GFP-, mCherry"GFP~ and mCherry™GFP™ sub-populations from a sample well
with CD4™ cells added to infected fibroblasts at an E:T ratio of 1.5:1, and histograms of the
amount of HLA-DR expressed on mCherry"GFP~ (blue histogram), mCherry™ GFP~ (red histogram)
and mCherry™GFP™ (green histogram) sub-populations in the same well, with histogram of an
mCherry"GFP~ sub-population from an unstained well with CD4™ cells added at 1.5:1 for
comparison (grey histogram). Figs.5.1C-5.1E show amount of IE and late CMV gene expression in
wells with or without anti-IFN-+ antibodies added, at E:T ratios of 0.75, 1.5 and 3:1 respectively,
expressed as a percentage of cells in same phase of CMV gene expression in infected controls.
Legend for these graphs is given in Fig.5.1B. Fig.5.1F shows the amount of HLA-DR in the
uninfected (mCherry"GFP") sub-populations of cells in the same wells as those in Figs.5.1C-5.1E.
Error bars represent SD of triplicate wells, statistics performed using Student’s t-test. (*p<0.05;
**p<0.01; *¥**p<0.001; ****p<0.0001; ns = not significant)
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5.2.2 Blocking of MHC class Il and interferon-+ limits the antiviral
effects of CD4™" cells on HCMV-infected fibroblasts

IFN- exerts its antiviral effects via a number of mechanisms [279], which includes induction
and upregulation of MHC Class Il expression. Having shown that addition of anti-IFN-~
antibodies abrogated the effect of MHC Class |l upregulation on uninfected cells and increased
the frequency of IE and late CMV gene-expressing cells, | wanted to examine if blocking of
MHC Class Il would also lead to an increase in the frequency of cells expression IE and late
CMV genes. Blocking of MHC Class Il should, in theory, prevent antigen presentation to
CD4™ cells and the downstream effects of this, but it would still allow the other pathways by

which IFN-~ exerts its antiviral effects to occur.

Primary dermal fibroblasts were seeded overnight in 96-well plates at 20,000 cells per well,
then infected with Merlin WT virus (MOI = 0.04). At 1 dpi, autologous PBMCs were defrosted
and CD4" cells were isolated by MACS using positive selection beads. They were then added
to the HCMV-infected fibroblasts alone, or with anti-MHC class Il antibody (504g/ml), anti-
IFN-~ antibody (2u1g/ml), or isotype control antibody (10ug/ml) at E:T ratios of 2.5:1, 1.25:1,
0.6:1 and 0.3:1. After a further incubation of 7 days, harvest and analysis by flow cytometry
was performed. The results show that blocking of MHC class Il (Fig.5.2B, pink bars) or IFN-~y
(Fig.5.2B, teal bars) by blocking antibodies reduces the amount of inhibition of both IE and
late CMV gene expression by CD4" cells (Fig.5.2B, black bars) at almost all E:T ratios tested,
while addition of isotype control antibody (Fig.5.2B, purple bars) did not reduce the amount
of inhibition of both IE and late CMV gene expression by CD4™ cells. However, as the E:T

ratio increases, the percentage of inhibition by the blocking antibodies decreases.

158



Chapter 5

52

mCherry+GFP+

(A) 837°c 837 |n
E 24 hrs X 7 days
Eessss——] - L.
Fibroblasts Add either. p——
i ; CcD4* CDh4* CcD4*
mII/Iegrtl?r?\)’\IV'II!h CD4* cells cells cells mCherry
cels OR + OR + OR +
onl anti- anti- anti- Harvest &
Y lysis by flow
MHCII [FN-y MHCII analysis by
Abs Abs Ab isotype cytometry
IE
(B) 250
'& 200
03
+E’ N 150
= ®
g g 100
28
* 507 CD4* cells
only
0- +
0.3:1 0.6:1 1.25:1 2.5:1 CD_4 cells &
E:T Ratios anti-MHCII Ab
Late CD4" cells &
(© anti-IFN-y Ab
100 ns
Kk CD4+ cells &
anti-MHCII Ab
= isotype
ns

% mCherry*GFP*
(normalised)
[$)]
o
1

0.3:1 0.6:1 1.25:1 2.5:1
E:T Ratios

ﬁj
o >

] >

7

7]
RN

Figure 5.2: Blocking of MHC Class Il and interferon-v limits antiviral effects of CD4* cells

on HCMV-infected fibroblasts

Primary dermal fibroblasts from a HCMV-seropositive donor were infected with Merlin WT HCMV.
At 1 dpi, CD4™ cells from the autologous donor's PBMCs were obtained by positive selection
MACS. These CD4* cells were then either added alone, or with anti-MHC class Il antibody, or
anti-IFN-vy antibody, or isotype to anti-MHC class Il antibody. At 8 dpi, cells were harvested and
analysed by flow cytometry. Fig.5.2A shows experiment timelines, Fig.5.2B shows amount of cells
in [E CMV gene expression, and Fig.5.2C shows amount of cells in late CMV gene expression,
expressed as a percentage of the amount of cells in the same phase of CMV gene expression in
infected controls. Error bars represent SD of triplicate wells, statistics performed using Student’s
t-test. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns = not significant) Fig.5.2A created

at BioRender.com.
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5.3 CDA4T cell populations isolated by magnetic-activated
cell sorting using positive selection contain a popula-
tion of CD4+CD3" cells, which are not found in CD4*

T cell populations isolated by depletion

As mentioned in the introduction to this chapter, the CD4 molecule is expressed by other
cell types in PBMCs besides CD4" T cells. | thus wanted to see if CD4" cell populations
isolated by positive selection MACS using CD4 MicroBeads contained any of these immune
cells. Cell separations by positive selection MACS with CD4 MicroBeads and by depletion
MACS with a CD4™ T cell Isolation Kit were performed on PBMCs obtained from a healthy
donor as described in Section 2.12. The cell populations obtained were then stained with an
antibody mix containing fluorophore-conjugated antibodies to CD45, CD3 and CD4. (Methods
detailed in Section 2.4.) The top row of Fig.5.3A shows flow cytometry plots of the cell
populations obtained using MACS positive selection with CD4 MicroBeads, and the bottom
row shows the flow cytometry plots of the cell populations obtained using MACS depletion
with CD4™1 T cell Isolation Kit on the same donor. Comparing the rightmost plots in these 2
rows, it can be seen that cells isolated by positive selection using CD4 MicroBeads contained
a population of cells that were CD3 CD4" (outlined in red), whereas this was absent in cells
isolated using the CD4™ T cell Isolation Kit (outlined in green). Fig.5.3B shows a repeat of
this experiment performed on another donor, where the same population of cells was seen,
albeit to a smaller degree, likely because fewer cells had been used for staining. In addition,
there were also smaller populations of cells that were CD4" (Fig.5.3A, rightmost plot, lower
two quadrants). Some of these were CD3" and a smaller proportion were CD3". The CD3*
population could possibly be CD81 T cells that had come through the selection. It is worth
noting that these populations were also present in the second donor, and thus is likely related

to efficiency of magneting cell sorting by the MACS columns.
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Figure 5.3: Comparing immune cell populations isolated by magnetic-activated cell sorting
using positive selection with CD4 MicroBeads to those isolated by depletion with CD4* T
cell Isolation Kit

Fig.5.3A: Cell populations obtained from PBMCs of a healthy donor by MACS using positive
selection with CD4 MicroBeads (top row) and by MACS using depletion with the CD41 T cell
Isolation Kit (bottom row) were stained with antibodies to CD45, CD3, CD4, CD14 and CD16.
From left to right, first column shows gating strategy to identify singlets, second column shows
time gate to eliminate readings from poor flow, third column shows gate to identify
non-granulocytes, and fourth column shows non-granulocyte population stained for amount of CD3
and CD4 expression. Fig.5.3B shows the same from another donor. 161
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5.4 Cells selected by depletion MACS with CD4+ T cell
Isolation Kit show poor control of IE and late CMV

gene expression

Section 5.3 showed that there was a population of CD4"CD3" cells present in cells selected
by positive selection MACS with CD4 MicroBeads that was not present in cells selected by
depletion MACS with CD4" T cell Isolation Kit. | therefore wondered if this population of
cells was responsible for the ability of CD4™ cells to recognise HCMV-infected cells in the viral
dissemination assay. First, | needed to examine if CD4" T cells selected by MACS depletion
were able to limit IE and late CMV gene expression in the VDA.

Primary dermal fibroblasts from a healthy HCMV-seropositive donor were seeded on 96-
well half-area plates and grown to confluency overnight before infection with Merlin WT (MOI
= 0.27) virus. At 1 dpi, PBMCs from the autologous donor were defrosted, treated with
DNase and rested before being split into 2 aliquots. One aliquot underwent MACS by positive
selection with CD4 MicroBeads, and the other aliquot underwent MACS depletion with CD4*
T cell Isolation Kit. Fig.5.4A shows the gating strategy to determine the post-separation
purities of each of these populations. Consistent with the data seen in Section 5.3, cells
selected by positive selection MACS with CD4 MicroBeads contained a population of CD3"
cells (middle row, middle column, solid red arrow) that was absent in the cells selection by
depletion MACS with the CD4" T cell Isolation Kit (bottom row, middle column, broken
green arrow). The CD4* cells and CD4™ T cells were then added to the Merlin WT-infected
fibroblasts at a starting E:T ratio of 10:1, followed by halving dilutions. Plates were incubated
for 7 days before harvest and analysis by flow cytometry. The results in Fig.5.4 show that cells
selected with CD4" T cell Isolation Kit had much worse control of both IE (Fig.5.4B) and late
(Fig.5.4C) CMV gene expression than cells isolated with CD4 MicroBeads at most E:T ratios
tested.
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Figure 5.4: Cells selected by depletion MACS with CD4* T cell Isolation Kit show poor
control of IE and late CMV gene expression

Primary dermal fibroblasts from a healthy HCMV-seropositive donor were seeded on 96-well
half-area plates and grown to confluency overnight before infection with Merlin WT (MOI = 0.27)
virus. At 1 dpi, PBMCs from the autologous donor were defrosted, treated with DNase and rested
before being split into 2 aliquots. One aliquot underwent MACS by positive selection with CD4
MicroBeads, and the other aliquot underwent MACS depletion with CD4" T cell Isolation Kit.
Fig.5.4A shows the gating strategy to determine the post-separation purities of each of these
populations. Each of these populations were then added to the Merlin WT-infected fibroblasts at a
starting E:T ratio of 10:1, followed by halving dilutions. Plates were incubated for 7 days before
harvest and analysis by flow cytometry. Fig.5.4B shows amount of IE CMV gene expression and
Fig.5.4C shows amount of late CMV gene expression in the wells. Error bars represent SD of
triplicate wells, statistics performed using Student'’s t-test. (*p<0.05; **p<0.01; ***p<0.001;
**x%p<0.0001; ns = not significant)

5.5 Identification of immune cell populations isolated by
positive selection on MACS with CD4 Microbeads

The difference in ability to control IE and late CMV gene expression between CD4™ cells
selected with CD4 MicroBeads and CD4" T cells selected with the CD4™ T cell Isolation
Kit led me to question what the CD3 CD4" cells found in the former population are. As
noted in the introduction to this chapter, besides CD4% T cells, the CD4 molecule is also
expressed on multiple other peripheral blood cells, such as monocytes [292], dendritic cell
subsets [260, 432], neutrophils [60], CD34" progenitor cells [363, 658], and NK cells [51].
However, of note, after CD4™ T cells, the type of immune cells that most highly express the
CD4 molecule are plasmacytoid dendritic cells and monocytes [592]. | therefore decided to
perform phenotyping analyses on CD4™ cells selected with CD4 MicroBeads with a panel of
antibodies specific for CD3, CD4, CD45, CD14, CD16, CD11c, CD303, CD123, and HLA-DR.

Details of the antibody-fluorophore combinations are given in Methods Section 2.4.

CD45 (also known as protein tyrosine phosphatase receptor type C (PTPRC) or leucocyte
common antigen) is a type | transmembrane protein found on all differentiated haematopoi-
etic cells except erythrocytes and plasma cells [237], and is widely used to identify non-
granulocytes from whole blood specimens [509]. Human monocytes can be segregated into
classical, non-classical and intermediate sub-populations. Classical monocytes account for
approximately 80-90% of peripheral blood monocytes [66] and are phenotypically identified
as being CD14"CD16", while intermediate and non-classical monocytes are identified by be-
ing CD149™CD16% and CD14°CD16" respectively [66]. CD14 is a glycoprotein expressed
on cells of the myelomonocyte lineage including monocytes, macrophages and some granulo-
cytes [20,662], with functions of activating innate immunity [41,647], while CD16 (FcyRIII)

is a low affinity Fc receptor for IgG [555] found on the surface of NK cells, monocytes,
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macrophages, and neutrophils [407] and is responsible for antibody-dependent cellular cyto-
toxicity on NK cells [376].

Human dendritic cells are defined as HLA-DR™ but negative for lineage markers of T cells
(CD3), B cells (CD19 or CD20), NK cells (CD16 then CD56) and monocytes (CD14) (i.e.
Lin"HLA-DR™) [104]. They are distinguished from monocytes by their lack of CD14, and
can be segregated into CD11c™ conventional dendritic cells (cDCs) and CD11c plasmacytoid
dendritic cells (pDCs) [104,371]. CDllc is a type | transmembrane protein (also known as
Integrin, alpha X (ITGAX)) that is involved in adherence of neutrophils and monocytes to
stimulated endothelium cells [1] and is abundantly expressed on monocytes, granulocytes,
tissue macrophages, CD11c™ dendritic cells, and at low levels on neutrophils [281]. It is also
expressed on a subset of B cells, T cells, and NK cells, with expression levels varying from
dim to bright [197]. Additionally, pDCs can also be identified by the presence of CD123 [260],
CD303 and CD304 [142]. CD123 is the interleukin-3 receptor alpha chain (IL-3Ra) that is
also found on myeloid cDCs precursors, macrophages, mast cells, basophils, megakaryocytes,
and some B cells (reviewed in [574]), while CD303 (also known as blood dendritic cell antigen
(BDCA)-2 / C-type lectin domain family 4 member C (CLEC4C)) is a type Il C-type lectin
involved in ligand internalisation, processing and presentation as well as inhibition of IFN-
o/ synthesis in pDCs [143]. CD303 and CD304 overlap in expression between the myeloid
cDC precursor component and pDCs and cannot be used to separate the two populations

completely, although the highest expressing cells will include only pDCs [107, 608].

On the basis of the above phenotypes, the antibody panel was designed to identify the
subsets of monocytes, and to determine if plasmacytoid dendritic cells were present in the
CD3"CD4* population of cells. Table 5.1 lists the expected results of the phenotyping panel
to identify monocyte subsets and pDCs.

165



5.5 Chapter 5

CD14 CD16 CD1l1lc CD303 CD123 HLA-DR

Classical +
++ - + - +
monocytes (some)
Intermediate ) =+
dim + + = ++
monocytes (some)
Non-classical +
- ++ + - ++
monocytes (some)
pDCs - - - ++ ++ +
+
cDCs* - + - int/+ +/++
(subset)
preDCs - - lo + + +

Table 5.1: Expected results of phenotyping panel

*Consisting of cDC1, ¢cDC2, CD16" DC, AxIT™ DC. lo = low; int = intermediate; preDC = DC
precursors.

Summarised from : [142,284,482,512,578,592, 663|

PBMCs from 2 healthy HCMV-seropositive donors were defrosted and treated with DNase
before undergoing separations by MACS positive selection with CD4 MicroBeads, followed by
staining with the phenotyping panel described above. Figs.5.5A-5.5B shows the results from
one donor, and Figs.5.5C-5.5D shows the results from a second donor. In Figs.5.5A & 5.5C,
the top row shows the gating strategy to obtain the CD3 CD4* population (outlined in red).
In both donors, when these CD3 CD4" cells were examined for CD14 and CD16 expression,
there were populations of cells that were CD147CD16, CD14+CD16%, and CD149™CD16"
(second row, blue, pink and yellow labels). These cells were likely to be classical, intermediate
and non-classical monocytes respectively [379]. In addition, there was also a population of
cells that were CD4™", but CD3", CD14" and CD16™ (second row, purple label).

Figs.5.5B & 5.5D show the CD11c'CD303™ (green outline), CD11c*CD303" (cyan outline)
and CD11cCD303 (orange outline) cells from the CD14CD16™ population of each donor
examined for HLA-DR and CD123 expression. On the basis of being CD14'CD16 CD11c
CD303**CD123* and HLA-DR™, it is likely that the populations outlined in green were
plasmacytoid DCs, while the populations outlined in cyan were CD14CD16°CD11c*CD303"
and had intermediate to high amounts of CD123 and HLA-DR, and thus were likely to be
conventional DCs [104,107].

In addition, there was also a population of cells that were CD3"CD4* but CD14CD16
CD11cCD303", with low amounts of HLA-DR and CD123 (orange outline). It would be
difficult to speculate what these cells could be without further staining, but a possibility could

be that they were a subset of NK cells, dendritic cells or CD34" progenitor cells.
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Figure 5.5: Phenotyping CD3-CD4™" population obtained from MACS by positive selection
using CD4 MicroBeads

Seperation by MACS was performed on PBMCs from 2 donors using positive selection by CD4
MicroBeads followed by staining with antibodies to CD3, CD4, CD45, CD14, CD16, CD11c,
CD303, CD123, and HLA-DR. Fig.5.5A: top row shows the gating strategy to obtain the
CD3"CD4* population, second row shows the identification of classical, intermediate and
non-classical monocytes, and CD14CD16™ population from the CD3 CD4™" population, and
subsequent rows show staining for CD11c, CD303, HLA-DR and CD123 on the classical,
intermediate, non-classical monocyte populations and the CD14 CD16™ population. Fig.5.5B shows
the CD11c"CD303™" (pDCs), CD11ctCD303" (cDCs) and CD11cCD303" populations examined for
?%%ression of HLA-DR and CD123. Figs.5.5C-5.5D shows the same from another donor.
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5.6 Co-culture of CD4™ T cells with CD141T monocytes

potentiates control of IE and late CMV gene expres-

sion, which is abrogated by blocking MHC Class II

The experiments so far in this chapter have shown that blocking MHC Class Il or IFN-~
results in abrogation of control of IE and late CMV gene expression in the viral dissemination
assay. They have also shown that immune cells isolated by positive selection on MACS with
CD4 MicroBeads are able to limit IE and late CMV gene expression in the VDA to a greater
degree than immune cells isolated by depletion on MACS with the CD4™ T cell Isolation Kit.
Purity analyses and phenotyping of the cells isolated by these 2 different methods show that
in addition to CD3TCDA4* cells, the former also contains a population of CD3 CD4* cells,
which are made up of monocytes, plasmacytoid dendritic cells, conventional dendritic cells,

and other cells of uncertain aetiology.

It would appear that these CD3 CD4™" cells were responsible for the difference in ability
to control IE and late CMV gene expression in vitro. This led to the question of whether
the antiviral activity seen was due to effector functions of CMV-specific CD4" T cells, or
the functions of monocytes, conventional dendritic cells of pDCs. The results in Figs.5.3,
5.4A, 5.5A & 5.5C showed that between 1.9-9.7% of the CD4 MicroBead-selected cells were
CD3 CD4*.

| thus asked the question of whether monocytes or plasmacytoid dendritic cells alone
were antiviral in the VDA, or if CD4" T cells were also required. | first investigated the
function of CD14" monocytes in isolation and in combination with CD4" T cells. To create
an approximate simulation of this, CD14™ monocytes were added to CD4" T cell Isolation
Kit-selected cells in a ratio of 1:9 (i.e. 10% of total cells added), which represents the highest
proportion of monocytes present in the cell populations isolated by positive selection with CD4
MicroBeads.

Primary dermal fibroblasts from 2 healthy donors (1 HCMV-seropositive, 1 HCMV-seronegative)
were seeded in 96-well half-area plates and grown to confluency overnight before infection with
Merlin WT. At 1 dpi, PBMCs from the autologous donor were split into 2 aliquots in an approx-
imate %:% ratio: i of the PBMCs underwent MACS positive selection using CD4 MicroBeads,
and % of the PBMCs underwent MACS positive selection using CD14 MicroBeads to obtain
CD14" monocytes before isolation of CD41 T cells using the CD4™ T cell Isolation Kit. This
cell separation strategy is illustrated in Fig.5.6A. The post-separation purities of each of these
populations from one representative donor is shown in Fig.5.6B. The first column shows the
gate to identify cells, the second column shows histograms of CD3 expression on the cells,
the third column shows amount of CD4 and CD8 expression on the CD3" population, and

the fourth column shows histograms of CD14 expression on CD3" population. The parent
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cell populations are labelled on the left of each row. The rightmost plot on the second row
shows that, in the CD3" population from cells selected by MACS positive selection with CD4
MicroBeads, 32.3% are CD14" (outlined in red), whereas this is largely absent (only 1.24%)
in the cells selected by MACS depletion with CD4™ T cells Isolation Kit (rightmost plot on
third row, green outline).
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Figure 5.6: Isolation of immune cell populations from PBMCs using anti-CD4 MicroBeads,
CD4* T cell Isolation Kit, and anti-CD14 MicroBeads, and post-separation purities
Primary dermal fibroblasts were seeded in 96-well plates and grown to confluency overnight.
PBMCs were obtained from the autologous donor either by arm bleed or by defrosting from liquid
nitrogen storage. The PBMCs were then split into 2 aliquots in an approximate i:% ratio: i of the
PBMCs underwent MACS positive selection using CD4 MicroBeads, and % of the PBMCs
underwent MACS positive selection using CD14 MicroBeads to obtain CD14" monocytes before
depletion using CD4" T cell Isolation Kit to obtain CD41 T cells. The cell separation process is
illustrated in Fig.5.6A. Fig.5.6B shows the gating strategy to check for post-separation purities of
these populations. The first column shows the gate to identify cells, the second column shows
histograms of CD3 expression on the cells, the third column shows amount of CD4 and CD8
expression on the CD3™ population, and the fourth column shows histograms of CD14 expression
on CD3 population. The parent cell populations are labelled on the left of each row. Fig.5.6A
created at BioRender.com.
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The various immune cell populations were then added to the infected fibroblasts in the
E:T ratios as shown in Table 5.2 as shown below. A higher E:T ratio was chosen for the
HCMV-seronegative donor as a degree of control of IE and late CMV gene expression in the
VDA was only seen at higher E:T ratios in HCMV-seronegative donors, as shown in Chapter
3.

Seropositive  Seronegative

CD4* T cells only 1.125 9

CD14% cells only 0.125 1

Cells selected with CD4 MicroBeads 1.25 10
CDA4T' T cells & CD14* cells 1.125 + 0.125 9+1

Table 5.2: E:T ratios of each immune cell population added to the VDA

Cells were then incubated for a further 7 days before harvest and analysis by flow cytometry.
Fig.5.7B shows the results from the HCMV-seropositive donor, and Fig.5.7C shows the results
from the HCMV-seronegative donor, with the frequency of cells with IE and late CMV gene
expression shown as a percentage of the amount of cells in the same phase of CMV gene

expression in infected controls (i.e. “normalised” to infected controls).

For the HCMV-seropositive donor, cells selected by MACS depletion with CD4™ T cells
Isolation Kit (“CD4" T cells”) and those selected by positive selection with CD14 MicroBeads
(“CD14" monocytes”) showed poor control of IE and late CMV gene expression when added
separately (Fig.5.7B, black and pink bars). However, when they were mixed together (“CD4*
T cells & CD14" monocytes”, teal bars), they showed levels of control of IE and late CMV
gene expression similar to that seen in cells selected by MACS positive selection with anti-CD4
MicroBeads (“Cells selected with CD4 MicroBeads"”, dark purple bars). This suggests that
CD14% monocytes in isolation could not inhibit IE and late CMV gene expression, as this
only occurred when CD4' T cells were present. For the HCMV-seronegative donor, CD14*
monocytes and CD4" T cells in isolation did not control IE and late CMV gene expression
(as expected). When CD4" T cells and CD14% monocytes were added together, there was a

slight increase in antiviral activity, although the differences were not statistically significant.

Fluorescence microscopy images were also taken of wells with CD4* T cells (Fig.5.7E)
and CD14" monocytes (Fig.5.7F) added in isolation, and together (Fig.5.7G). In Fig.5.7E, it
appears that the CD4" T cells (orange arrowheads) adhere to some infected cells, but do not
take up the mCherry or GFP fluorescence. In Fig.5.7F, monocytes (purple arrowheads) can be
seen adhering to the infected cells and taking up the mCherry fluorescence. In Fig.5.7G, what
are likely to be monocytes (purple arrowheads) and CD4" T cells (orange arrowhead) can

be seen adhering to the infected cells, with monocytes taking up the mCherry fluorescence,
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and also what is likely to be the presence of other monocytes that had not yet taken up any

fluorescence can be seen (cyan arrowhead).
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Figure 5.7: Co-culture of CD4T T cells with CD14% monocytes potentiates control of IE
and late CMV gene expression

Primary dermal fibroblasts from an HCMV-seropositive and an HCMV-seronegative donor were
seeded in 96-well plates and grown to confluency overnight. At 1 dpi, the immune cell populations
obtained as illustrated in Fig.5.6A were then added to the infected fibroblasts in the following
combinations: CD4" T cells only, CD14™ monocytes only, CD4™ T cells and CD14" monocytes or
cells selected with CD4 MicroBeads. The E:T ratios at which these cells were added at is shown in
Table 5.2. The experimental set-up is illustrated in Fig.5.7A. Cells were harvested at 8 dpi and
analysed by flow cytometry and amount of cells in IE and late CMV gene expression is shown in
Fig.5.7B for the HCMV-seropositive donor and Fig.5.7C for the HCMV-seronegative donor,
expressed as a percentage of the amount of cells in the same phase of gene expression in infected
controls. Error bars represent SD of triplicate wells, statistics performed using Student’s t-test.
(*p<0.05; **p<0.01; ***p<0.001; ns = not significant) Fig.5.7A created at BioRender.com.
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(E) CD4™ T cells only

(F) CD14" monocytes only

L]
10pum

(G) CD4" T cells & CD14" monocytes

Figure 5.7: Co-culture of CD4" T cells with CD14" monocytes potentiates control of IE
and late CMV gene expression (Continued)

Figs.5.7E, 5.7F & 5.7G show fluorescence microscopy images of wells with CD4™ T cells only,
CD14™" monocytes only, and CD4™1 T cells with CD14" monocytes added together. (Orange
arrowheads = monocytes that have taken up fluorescence, purple arrowheads = CD4™ T cells, cyan
arrowhead = monocytes that have not taken up fluorescence.)

177



5.6 Chapter 5

To investigate if the potentiation of control seen in the HCMV-seropositive donor was
mediated by antigen presentation via the MHC Class Il pathway, the experiment was repeated
on 2 HCMV-seropositive donors, with the immune cell populations added at the E:T ratios as
stated in Table 5.3 below.

E:T ratio

CD4* T cells only 9

CD14% cells only 1

Cells selected with CD4 MicroBeads 10
CD4T T cells & CD14% cells 9+ 1

Table 5.3: E:T ratios of each immune cell population added to the VDA with anti-MHC
Class Il antibodies

In addition, anti-MHC Class Il antibodies (15ug/ml) were added to half of the wells that
had the mixture of CD4" T cells and CD14" monocytes. The results are seen in Fig.5.8. For
donor CMV 314 (Fig.5.8A), co-culture of CD4™ T cells and CD14™ monocytes leads to control
of both IE and late CMV gene expression, seen as a near-90% decrease in the amount of both
IE and late CMV gene expression, while addition of anti-MHC Class Il antibodies decreases
this control to approximately 50% for IE CMV gene expression, and completely abrogates it for
late CMV gene expression. For donor CMV 320 (Fig.5.8B), a similar trend (but to a smaller
degree) was seen for IE CMV gene expression, but addition of anti-MHC Class Il antibodies
was not able to abrogate control of late CMV gene expression.
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Figure 5.8: Addition of anti-MHC Class |l antibody abrogates potentiation of control of
CMV gene expression seen when CD14% cells are added with CD4* T cells to the viral
dissemination assay

Primary dermal fibroblasts from 2 HCMV-seropositive donors were seeded in 96-well half-area
plates and grown to confluency overnight. At 1 dpi, PBMCs from the autologous donors were
defrosted and CD4™ cells selected by CD4 MicroBeads, CD14" monocytes, and CD4" T cell
populations were obtained from them in the manner as illustrated in Fig.5.6A. They were then
added to the infected fibroblasts in the following combinations: CD4" T cells (at an E:T of 9:1),
CD14" monocytes (E:T 1:1), CD4* T cells and CD14" monocytes (E:T 9 + 1 : 1) or cells
selected with CD4 MicroBeads (E:T 10:1). Half of the wells with CD4™ T cells and CD14*
monocytes added had anti-MHC Class |l antibodies (15ug/ml) added at the same time as the
immune cells were added. Cells were incubated for a further 7 days before harvest and analysis by
flow cytometry. The amount of cells in IE and late CMV gene expression in each of the conditions
is shown, expressed as a percentage of the amount of cells in the same phase of gene expression in
infected controls. Error bars represent SD of triplicate wells, statistics performed using Student’s
t-test. (*p<0.05; **p<0.01; ***p<0.001; ns = not significant)
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5.7 Plasmacytoid dendritic cells in isolation control viral
dissemination, but do not potentiate the effects of
CD4* T cells

The results of the phenotyping analyses in Fig.5.5 showed that, besides CD14" mono-
cytes, the CD3 CD4" population of cells selected by MACS positive selection with anti-CD4
MicroBeads also contained a population of cells that were likely to be pDCs. pDCs are capable
of antigen presentation via MHC Class | and Il on their cell surface (reviewed in [563,607]),
and have roles in activation of T cells (reviewed in [477]). In the context of HCMV, they have
been shown to produce IFN-« in response to HCMV-infected cells, although there appears to
be some dispute over whether pDCs are able to be infected directly by HCMV [42, 423] or

produce cytokines only in response to recognition of HCMV-infected cells [657].

5.7.1 pDCs show a direct antiviral effect with HCMV-infected fi-

broblasts

The question thus arose: do the plasmacytoid dendritic cells also contribute to the antiviral
effect seen in cells selected by MACS positive selection with anti-CD4 MicroBeads at the
frequencies found in the CD4* selected population? To investigate this, | first had to determine
if pDCs on their own showed an antiviral effect in the viral dissemination assay. Primary dermal
fibroblasts from a healthy HCMV-seronegative donor were seeded in 96-well half-area plates
and grown to confluency overnight before infection with Merlin WT (MOI = 0.03). At 1 dpi,
pDCs were isolated from autologous PBMCs by depletion using the Plasmacytoid Dendritic
Cell Isolation Kit Il (Miltenyi, U.K.) and added to the infected fibroblasts at a starting E:T
ratio of 0.75:1 followed by halving dilutions. In order to obtain an estimate of the E:T ratio
at which pDCs would start to show an antiviral effect, the highest possible starting E:T ratio
(based on number of pDCs isolated from the PBMCs) was used. Fig.5.9A shows the gating
strategies to check post-separation purities of the pDCs. The first column shows PBMCs,
middle column shows post-separation pDCs and third column shows pDC-depleted PBMCs.
Top row shows gate to identify cells, and second row shows amount of CD123 and CD303 on
the populations. Harvest and analysis was carried out after 7 days of incubation, and results
in Fig.5.9B show that pDCs are able to control IE and late CMV gene expression at higher
E:T ratios of 0.75:1 and 0.38:1, an effect which then dilutes out at the lower E:T ratios.

These results show that pDCs have a direct antiviral effect on HCMV-infected fibroblasts at
these E:T ratios. In Fig.5.5, the percentage of pDCs ranged from 11.3%—-28.9% of CD14CD16
cells, the percentage of CD14CD16™ cells ranged from 19.7%-50.9% of CD3 CD4™ cells, and
the percentage of CD3 'CD4" cells in the population which was selected by anti-CD4 Mi-

croBeads ranged from 3.5%-9.7%. Therefore, pDCs would probably comprise only a maximum
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of ~1.5-2% of cells selected by anti-CD4 MicroBeads (28.9% x 50.9% x 9.7% =~ 1.5%). In
an E:T ratio of anti-CD4 MicroBead-selected cells of 10:1, this is an E:T ratio of ~ 0.15-0.2:1
of pDCs. Therefore, the E: T ratios used in this experiment were likely to be higher than what
was likely to have been the E:T ratios of pDCs present in the anti-CD4 MicroBead-selected
populations added to earlier VDAs.
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Figure 5.9: Viral dissemination assay with plasmacytoid DCs

Primary dermal fibroblasts from a healthy HCMV-seronegative donor were seeded in 96-well
half-area plates and grown to confluency overnight before infection with Merlin WT (MOI = 0.03).
At 1 dpi, pDCs were obtained from autologous PBMCs by depletion using the Plasmacytoid
Dendritic Cell Isolation Kit Il (Miltenyi, U.K.) and added to the infected fibroblasts at a starting
E:T ratio of 0.75:1 followed by halving dilutions. Fig.5.9A shows the gating strategies to check
post-separation purities of the pDCs. The first column shows PBMCs, middle column shows
post-separation pDCs and third column shows pDC-depleted PBMCs. Top row shows gate to
identify cells, and second row show amount of CD123 and CD303 on the populations. Harvest and
analysis was carried out after 7 days of incubation. Fig.5.9B shows the amount of cells in IE and
late CMV gene expression, expressed as a percentage of the amount of cells in the same phase of
CMYV gene expression in the infected controls. Error bars represent SD of triplicate wells.
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5.7.2 pDCs do not appear to potentiate the antiviral effects of CD4*
T cells

As pDCs appeared to be able to control IE and late CMV gene expression in the viral
dissemination assay, | then wanted to see if they contributed to CD4% T cell recognition of
infected cells. | proceeded to add pDCs to a viral dissemination assay with CD4*1 T cells in the
same manner as | had done with CD147 in Fig.5.7. Primary dermal fibroblasts from an HCMV-
seronegative donor were seeded in 96-well half-area plates and grown to confluency overnight
before infection with Merlin WT (MOI = 0.03). At 1 dpi, PBMCs from the autologous donor
were obtained and divided into 3 populations in an approximate ratio of 1:7:2, whereupon
3 populations of cells were obtained: cells selected by MACS positive selection with CD4
MicroBeads; pDCs selected by MACS depletion with Plasmacytoid Dendritic Cell Isolation Kit
II; and CD4™" T cells selected by MACS depletion with CD41 T cell Isolation Kit. Fig.5.10A
illustrates the cell separation process. The cells were then added in the following manner: cells
selected with CD4 MicroBeads (at a starting E:T ratio of 10:1); CD41 T cells (at a starting
E:T ratio of 9.5:1); pDCs only (at a starting E:T ratio of 0.5:1); and pDCs with CD4™" T cells
(at a starting E:T ratio of 0.5 + 9.5:1). As stated earlier, the maximum likely percentage of
pDCs present in an anti-CD4 MicroBead-selection population was estimated to be ~2%. As
it was unlikely that it would exceed 5%, pDCs were added to the mixture of pDCs + CD4* T
cells in the proportion of 0.5:9.5 (i.e. 5% of total cells). After 7 days incubation, harvest and

analysis by flow cytometry was performed.

The results in Figs.5.10B (IE CMV gene expression) and 5.10C (late CMV gene expression)
show that pDCs were able to demonstrate a direct antiviral effect on their own at the high E: T
ratio of 0.5:1, but this rapidly diluted out, with no antiviral activity at E:T of 0.25:1 and below
(black bars). Cells selected by anti-CD4 MicroBeads had a high degree of antiviral activity
at all E:T ratios tested for both IE and late CMV gene expression (dark purple bars). The
results for the CD4™ T cells obtained using the Isolation Kit (pink bars) did show substantial
antiviral activity at the high E:T ratios of 9.5, 4.75 and 2.37:1, which was greater than previous
experiments. This is likely due to the post-separation purity of this population, which contained
~6% of CD3" cells (flow cytometry plots given in Appendix |). However, at the CD4" T cell
ratio of 1.19 and 0.57:1 there was only minimal antiviral effect, which was not increased by
addition of pDCs (teal bars). In contrast, the cells selected with direct anti-CD4 MicroBeads
were still able to mediate substantial antiviral control. When this experiment was repeated on
an HCMV-seronegative donor, addition of pDCs also did not appear to allow CD4" T cells to
better control IE and late CMV gene expression (Figs.5.10D & 5.10E).

Taking these results together, while pDCs themselves can exert antiviral activity, adding
them to CD4" T cells at lower E:T ratios in line with the frequencies found in anti-CD4
MicroBead preparations showed no substantial increase in control of IE and late CMV gene

expression the way that CD14% monocytes were able to, vis-a-vis Figs.5.7 & 5.8.
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Figure 5.10: Viral dissemination assays with plasmacytoid DCs and CD4" T cells

Primary dermal fibroblasts from an HCMV-seropositive donor were seeded in 96-well half-area
plates and grown to confluency overnight before infection with Merlin WT (MOI = 0.03). At 1 dpi,
PBMCs from the autologous donor were obtained and divided into 3 populations in an approximate
ratio of 1:7:2, whereupon 3 populations of cells were obtained: cells selected by MACS positive
selection with CD4 MicroBeads; pDCs selected by MACS depletion with Plasmacytoid Dendritic
Cell Isolation Kit II; and CD4™ T cells selected by MACS depletion with CD4" T cell Isolation Kit.
Fig.5.10A illustrates the cell separation process. The cells were then added in the following manner:
cells selected with CD4 MicroBeads (at a starting E:T ratio of 10:1); CD4™" T cells (at a starting
E:T ratio of 9.5:1); pDCs only (at a starting E:T ratio of 0.5:1); and pDCs with CD4™ T cells (at a
starting E:T ratio of 0.5 4+ 9.5:1). The E:T ratios at which each cell population is added is listed in
Fig.5.10B. Plates were incubated for 7 days before harvest and analysis by flow cytometry.
Fig.5.10B shows amount of cells with IE CMV gene expression, and Fig.5.10C shows amount of
cells with late CMV gene expression, expressed as a percentage of the amount of cells in the same
phase of gene expression in the infected controls. This experiment was repeated with cells from an
HCMV-seronegative donor, and the results are seen in Figs.5.10D-5.10E. Error bars represent SD
of triplicate wells, statistics performed using Student’s t-test. (*p<0.05; **p<0.01; ***p<0.001;
**x%p<0.0001; ns = not significant)
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5.8 Blocking of MHC Class Il and IFN-~+ abrogates the

ability of CD4* cells to control viral dissemination

The results in Section 5.6 showed that co-culturing of CD14" monocytes with CD4" T
cells allowed control of viral dissemination to occur. As discussed in the Introduction (Section
1.2.1), CD4* T cells recognise antigen via the MHC Class Il antigen presentation pathway,
and CD14% monocytes are known to be able to recognise and present antigen via MHC Class
Il on their cell surface (reviewed in [259]). In my earlier experiments in Chapter 4 | showed
that IFN-~ can upregulate HLA-DR on the cell surface, and that blocking IFN-~ by anti-IFN-~

antibody leads to reversal or prevention of this upregulation.

CD14" monocytes constitutively express MHC Class Il and are a professional antigen-
presenting cell. | hypothesised that CD14" monocytes in the co-cultures might take up HCMV
antigens which are then processed and presented to HCMV-specific T cells, activating these T

cells and causing IFN-v production and subsequent MHC Class Il upregulation by fibroblasts.

In trying to determine the mechanism of how addition of these CD14% monocytes assist
the CD4™ T cells to control HCMV IE and late CMV gene expression, | thus investigated if
blocking MHC Class Il and IFN-y would similarly lead to a decrease in ability to control viral

dissemination.

Primary dermal fibroblasts were seeded in 96-well half-area plates and grown to confluency
overnight before infection with Merlin WT (MOl = 0.27). At 1 dpi, cell separations were
performed on PBMCs from the autologous donor. First, CD14" monocytes were selected
by MACS positive selection using CD14 MicroBeads. Next, CD4™ T cells were selected by
MACS depletion using CD4™ T cell Isolation Kit. The cell separation process is illustrated in
Fig.5.11A. The CD4" T cells and CD14™ monocytes were then added in isolation, or together
(in a proportion of 9:1) at an E:T ratio of 1.25:1 (i.e. CD4" T cells added at E:T of 1.125:1 and
CD14*" monocytes added at E:T ratio of 0.125:1). Where they were added together, blocking
antibodies to MHC Class Il and IFN-+y were added, either singly or in combination, and either
at high doses (50ug/ml for anti-MHCII; 10ug/ml for anti-IFN-~y) or low doses (10ug/ml for
anti-MHCII; 30ug/ml for anti-IFN-y). Incubation was carried out for 8 days before harvest

and analysis by flow cytometry.

Fig.5.11B shows percentage of total cells in the well with IE CMV gene expression when
CD4 T cells and CD14" monocytes were added in isolation or co-cultured together, and
Fig.5.11C shows the same for late CMV gene expression. These results recapitulate those
seen in earlier experiments: CD4™ T cells and CD14™ monocytes added in isolation show poor
control of CMV infection, but when added together, they are able to control both IE and late

CMV gene expression.

Figs.5.11D & 5.11E show percentage of cells with IE and late CMV gene expression when
blocking antibodies were added. Addition of MHC Class Il and IFN-vy-blocking antibodies at
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the higher concentrations individually (Figs.5.11D & 5.11E, light purple and green bars) leads
to an approximate 50% reduction in antiviral effect, while adding them in combination leads
to a near-complete abrogation of antiviral effect (grey bars). This effect is dose-dependent, as
a similar trend is seen at low doses of blocking antibody, but is less effective (light blue, dark

blue and coral bars).

This experiment was repeated with 2 other HCMV-seropositive donors (CMV 309 and
CMV 320), and the results are shown in Figs.5.11F-5.111. The results show that addition of
anti-MHC Class Il antibodies at 50.g/ml showed a reduction of control of IE and late CMV
gene expression in both donors (Figs.Figs.5.11F-5.111, light purple bars), although this was
only statistically significant in one donor (CMV 320), while addition of anti-IFN-v antibodies at
10ug/ml (Figs.5.11F-5.111, green bars) showed a statistically significant reduction of control
of IE and late CMV gene expression in one donor (CMV 309).

Addition of both anti-MHC Class Il (50ug/ml) and anti-IFN-y (10ug/ml) antibodies to-
gether only showed an additive effect in control of IE CMV gene expression in one donor
(Fig.5.11H, grey bar). It is unclear why this was so and may have been as a result of an

insufficient concentration of anti-IFN-+ antibodies used.
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Figure 5.11: Blocking of MHC Class Il and IFN-~ abrogates ability of CD4™" cells to
control viral dissemination

Primary dermal fibroblasts from an HCMV-seropositive donor (CMV 314) were seeded in 96-well
half-area plates and grown to confluency overnight before infection with Merlin WT (MOI = 0.27).
At 1 dpi, cell separations were performed on PBMCs from the same donor. First, CD14™
monocytes were selected by MACS positive selection using CD14 MicroBeads. Next, CD4™" T cells
were selected from the remaining cells by MACS depletion using CD4™ T cell Isolation Kit. The
cell separation process is illustrated in Fig.5.11A. The CD4™" T cells and CD14™ monocytes were
then added in isolation, or together (in a proportion of 9:1) at an E:T ratio of 1.25:1. Incubation
was carried out for 8 days before harvest and analysis by flow cytometry. Fig.5.11B shows
percentage of cells with IE CMV gene expression when CD4 T cells and CD14" monocytes were
added in isolation or together, and Fig.5.11C shows the same for late CMV gene expression. In
addition, in wells with both CD4™ T cells and CD14™ monocytes, blocking antibodies to MHC
Class Il and IFN- were also added, either singly or in combination, and either at high doses
(50pg/ml for anti-MHCII; 10ug/ml for anti-IFN-~; indicated by “hi") or low doses (10ug/ml for
anti-MHCII; 3ug/ml for anti-IFN-~; indicated by “lo”). Fig.5.11D shows percentage of cells with IE
CMV gene expression when blocking antibodies were added, and Fig.5.11E shows the same for late
CMV gene expression. This experiment was repeated with 2 other HCMV-seropositive donors
(CMV 309 and CMV 320), and the results are shown in Figs.5.11F-5.11I. Error bars represent SD
of triplicate wells, statistics performed using Student’s t-test. (*p<0.05; **p<0.01; ***p<0.001;
****p<0.0001; ns = not significant) Fig.5.11A created at BioRender.com.
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5.9 Discussion

5.9.1 A potential mechanism of how CD4* cells can recognise in-
fected cells that do not constitutively express MHC Class Il in

the viral dissemination assay

The results in this chapter have provided a possible explanation for how the CD4* popula-
tions in Chapter 3 were able to recognise HCMV-infected fibroblasts. As shown by phenotyp-
ing analyses in Figs.5.3 and 5.5, CD4*" populations selected by MACS positive selection using
CD4 MicroBeads contain a population of cells that were likely to be classical, intermediate and
non-classical monocytes, characterised by CD14+CD167, CD147CD16%, and CD149™CD16.
During viral infections, monocytes are able to induce Tyl responses [302,408], and in a
adjuvant-induced model of inflammation, monocytes played a substantial role in antigen pre-
sentation to CD4" T cells [323]. During inflammation, monocytes are also capable of differ-
entiation into dendritic cells, antigen presentation and driving the consequent proliferation of
other relevant T cell subsets (reviewed in [462]). Therefore, the presence of a population of
monocytes in the CD4 MicroBead-selected cells would allow for antigen presentation to the
CD4™ T cells in the same well, triggering the cascade of downstream signalling events that
lead to IFN-v production and TH1 differentiation.

Fig.5.7 showed that when a population of “pure” CD4' T cells, obtained by MACS de-
pletion using the CD4™" T cell Isolation Kit, was added to the viral dissemination assay, these
cells were much less able to control viral dissemination as compared to the cells selected by
MACS positive selection using CD4 MicroBeads. However, when CD14™" cells were added to
the CD4™ T cells, they reached levels of control similar to that seen in CD4" cells isolated
by positive selection. When anti-MHC Class Il or anti-IFN-v antibody was added in isolation
at high doses, these levels of control were reduced partially, and when they were added in

combination, antiviral control was removed (Fig.5.11).

The anti-IFN-v antibody neutralises human IFN-v. Addition of this antibody would prevent
binding of IFN-~ to its receptor on the cell surface and thus limit its myriad downstream actions
with antiviral effects. In the context of these experiments, these could be broadly divided into
2 categories: (1) activation of IFN-7-stimulated gene transcription leading to induction of an
antiviral state via transcription of antiviral genes (summarised in [510]); and (2) induction of

MHC Class Il proteins on the cell surface via Class Il transactivator (CIITA) gene transcription.

However, CD14" monocytes constitutively express MHC Class Il and do not require IFN-y
to induce expression of MHC Class Il for antigen presentation. Therefore, while addition of
IFN-~-blocking antibodies would inhibit induction of MHC Class Il on fibroblasts which had

not yet undergone viral entry and thereby its downstream antiviral effects on these cells, it
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would not prevent antigen presentation to CD4% T cells via MHC Class Il on CD14". In
addition, in Chapter 4 | have shown that the secretome also contains other antiviral cytokines
at effective concentrations (such as TNF-a and type | interferons). The presence of these

other cytokines would therefore also have an antiviral effect on the fibroblasts.

The anti-MHC Class Il antibody used recognises MHC Class || HLA-DR, DP and most DQ
antigens. Addition of this antibody would inhibit antigen presentation via MHC Class Il by
competitive inhibition. However, surface expression of MHC Class Il is controlled by regulated
ubiquitination and recycling of MHC Class || complexes from the cell surface [397,416,518,601].
As such, a possible reason that addition of MHC Class Il blocking antibodies did not result in
complete abrogation of the antiviral effect could be that there was sufficient recycling of MHC
Class Il complexes to allow antigen presentation to occur, albeit to a less efficient degree.
Even so, the addition of both IFN-+ and MHC Class lI-blocking antibodies concurrently does
frequently result in a substantial decrease of the antiviral effect, although to a greater degree

in some donors than others.

Further to this, future experiments from this work could be to attempt to differentiate be-
tween MHC Class Il on the fibroblasts and the CD14" monocytes, to tease apart how each of
these contribute to CD4™ cell control of HCMV. This could possibly be done by using CRISPR
to remove CIITA genes, which would prevent the upregulation of MHC Class Il complexes on
the surface of these fibroblasts, thus leaving only antigen presentation via MHC Class Il on the
monocytes. Another possible method of showing that antigen presentation by monocytes and
subsequent activation of CD4" occurs could be to incubate CD14" monocytes with infected
fibroblasts, following by subsequent sorting of these monocytes and adding them to autologous
CD4* T cells, followed by staining for activation markers, which would imply antigen presen-
tation. Other experiments could also include further characterising the monocytes in the assay
at the end of the incubation period by phenotyping analysis to elucidate the monocyte subsets
that were present, and possibly the extent of differentiation into other immune cell subtypes,

such as dendritic cells or macrophages.

5.9.2 Plasmacytoid dendritic cells have direct antiviral effect at suffi-
ciently high E:T ratios, but do not appear to potentiate CD4*

T cell responses

When added to the viral dissemination assay, pDCs appeared to have a direct antiviral
effect (Fig.5.9B), limiting the amount of IE and late CMV gene-expression HCMV-infected
fibroblasts, up to an E:T ratio of 0.38:1. As discussed in the Introduction (Section 1.3), pDCs
have wide-ranging effects on innate and adaptive immune responses to viral infection, primarily
through driving responses of T cells, NK cells and plasma cells by cytokine production, but

also by inducing an antiviral state by production of type | interferon. This could explain the
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control of IE and late CMV gene expression seen when pDCs were added to HCMV-infected
fibroblasts.

These results are also corroborated by the results of the flow cytometry-based cytokine array
(LegendPlex™) in Chapter 4 (Fig.4.10). After interferon-v, the cytokines that were found in
the next-highest quantities were IFN-«, IFN-A1 and IFN-3. The secretomes were made with
CDA4* cells that had been selected by MACS positive selection with CD4 MicroBeads. They
would thus be expected to contain pDCs, which would account for the significant amounts of
IFN-« and IFN-S in the secretome.

There did not appear to be an additional antiviral effect when pDCs were added to CD4*
T cells (Fig.5.10). Plasmacytoid dendritic cells contain MHC Class Il on their cell surface and
have been shown to be able to present antigen via MHC Class |l complexes and activate T
cell responses, although they appear to be poorer presenters of exogenous antigens than cDCs
(reviewed in [607]). The reason for this may be because MHC Class Il ubiquitination and
turnover is not downregulated in activated pDCs [655]. This would mean that despite having
antigens “loaded” onto their MHC Class |l complexes, these complexes still get removed from
the cell surface, and therefore there is a shorter duration for CD4% T cells to recognise the
antigen-loaded MHC Class Il complexes on the surface of pDCs, making pDCs less efficient
antigen-presenting cells than other dendritic cell subsets. Thus, the addition of pDCs to CD4*

T cells in the viral dissemination assay did not result in increased control of viral dissemination.

However, the CD41 T cells selected with the CD4™ T cell Isolation Kit showed an an-
tiviral effect that was greater than expected in this experiment, likely due to suboptimal
post-separation purity. At the E:T ratio that these CD4™ T cells began to lose this effect
(2.375:1), the addition of pDCs (at E:T of 0.125:1) may have been at an E:T ratio that was

too low to see an effect.

Hence, more repeats of this experiment are required before conclusions can be drawn.
Additionally, the repeat of this experiment with CRISPR-edited fibroblasts with deletion of
CIITA would also be a useful tool to allow me to examine the effects of the pDCs without

upregulation of MHC Class Il on the fibroblasts.

5.9.3 Presence of conventional DCs in the CD3 CD4™" cell popula-

tions

Besides monocytes and plasmacytoid dendritic cells, there was also a population of what
was likely to be conventional/classical DCs (cDCs), in the CD3 CD4" cells selected by CD4
MicroBeads.

cDCs are professional antigen-presenting cells of the innate immune system that com-

prise approximately one-tenth of steady-state blood leucocytes in humans [78]. They are
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Lineage HLA-DR™ cells derived from haematopoietic stem cells and segregated from pDCs
by the presence of CD1lc [371] and expression of transcription factor zBTB46 [389, 504].
They can broadly be divided into 2 subsets, cDC1 (identified by canonical markers XCR1 [34],
DNGR-1 [121] and additionally by CD141 and CADM1 [104]) and cDC2 (identified by expres-
sion of CD1c and SIRPa/CD172A and absence of cDC1 markers XCR1 and DNGR-1 [608]),
although cDC2s are a heterogeneous population and classification and characterisation are still

ongoing [78].

cDCls are more efficient at cross-presentation of exogenously acquired antigens [35, 221,
271] while cDC2s are more likely to induce Th17 and Th2 responses [207,435,507]. cDC2s were
shown to have superior MHC Class Il antigen presentation of soluble ovalbumin or ovalbumin
coupled to antibodies targeted to Fc or other surface receptors [137,334], an observation that
is also supported by transcriptional studies [603], although some studies have reported lower
MHC Class Il processing by cDC2 than cDC1 for cell-associated antigens [577,595]. Regardless
of this, the presence of these CD11c" c¢DCs in the CD3"CD41tCD14CD16™ population provide
another pathway by which the CD4" T cells present in the well can recognise HCMV-infected
fibroblasts.

T assay in Chapter 4 also showed that

The results of the cytokine array and LegendPlex
GM-CSF and IL-4 was present in the secretome. Both of these cytokines would lead to
differentiation of monocytes into dendritic cells [111,380] and further enhance their antigen-

presenting capabilities [106].
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Chapter 6

Using the viral dissemination assay to
assess in vitro antiviral capabilities of
PBMCs, CD8™ T cells, NK cells and
CD4T cells from kidney and liver

transplant recipients

6.1 Introduction

Multiple studies of CMV disease in transplant recipients have shown that the presence of
HCMV-specific CD4™ T cells is associated with a lower risk of CMV disease [75, 76, 145, 186,
351]. These studies primarily identify HCMV-specific T cell responses using cytokine (IFN-v,
IL-2 or TNF-«) responses to CMV peptides, or activation markers (CD69 or CD107a) (sum-
marised in Table 1.7). However, measurement of cytokine responses and activation markers
may not necessarily reflect the in vivo functionality of these cells. This may perhaps explain
the results of other studies [319,353] that have not shown a protective effect of HCMV-specific
CD4" T cells against CMV disease in this group of patients. To my knowledge, besides an
earlier study published by our group [241], no other groups have developed an assay to ex-
amine the functional response of PBMCs or T cells in transplant patients. | thus used this
viral dissemination assay to assess the capability of these cells to control HCMV in an in vitro

setting.

As the data presented in Sections 3.4.1-3.4.4 from Chapter 3 show, PBMCs, CD8" T cells,
NK cells and CD4* cells from a cohort of healthy HCMV-seropositive and HCMV-seronegative
donors show differing abilities to limit IE and late viral gene expression when added to the
viral dissemination assay. In particular, CD8" T cells and CD4™" cells from healthy HCMV-

seronegative donors show a significantly poorer ability to limit viral gene expression than CD8*
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T cells and CD4™" cells from healthy HCMV-seropositive donors. This would be expected, as
CD8" and CD4* T cells from HCMV-seronegative donors do not have memory T cell responses
to HCMV. The viral dissemination assay is thus capable of demonstrating functional differences
of various immune cell populations between individuals who do or do not have an adaptive
immune response to HCMV. | therefore hypothesised that this assay could also be used to
demonstrate functional differences between transplant recipients, and wanted to use this assay
to find out if there were deficiencies in particular subsets of immune cells in transplant recipients

who experienced episodes of HCMV reactivation.

Risk factors for HCMV reactivation and disease in this cohort of kidney and liver

transplant recipients

As discussed in the Introduction (Section 1.2.7.1), the HCMV serostatus of the organ
donor and recipient influences the risk of CMV reactivation and disease in these patients.
Seronegative recipients of an organ from a seropositive donor (DTR") are at the highest
risk, as the CMV-immunonaive recipient is required to mount a primary immune response
to reactivation of latent CMV in the donor organ, and the lack of a pre-existing CMV-specific
humoral and cell-mediated response means that the initial ability to suppress viral reactivation
would rely initially purely on innate immune responses, against which CMV has numerous
immune evasion genes, allowing for very rapid CMV replication [466]. The risk of CMV
viraemia usually begins 3-4 weeks after transplant, peaks at 6-16 weeks, and tends to become
uncommon after 6 months [32], although there has been an incident of transmission of HCMV
from a seropositive liver to a seronegative donor after only 28 hours in situ [369]. Seropositive
recipients are at intermediate risk of reactivation. In D"R™ patients, the seropositive recipient
faces the risk of reactivation of endogeneous latent virus during periods of immunosuppression
post-transplantation, while D™R™ patients face the risk of reactivation of both endogeneous
latent virus and virus from the donor organ, which may be of different strains [282, 378].
These HCMV-seropositive recipients possess a pre-existing immune response to HCMV but

post-transplantation immunosuppression may impair this response.

However, the transmission dynamics of HCMV in solid organ transplant recipients is com-
plex, as evidenced by the fact that not all transplant recipients which are HCMV-seropositive, or
those which are HCMV-seronegative but receive an organ donated from a HCMV-seropositive
donor, experience CMV reactivation or disease. Other contributory factors to an increased
risk of CMV disease are a higher CMV viral load at first positive post-transplant screen-
ing and a high rate of increase in CMV viral load during subsequent screening PCR tests
[152, 340, 385, 466].

Another possible contributing factor could be that there are inherent differences in the
ability to control HCMV replication between the various immune cell populations in these

patients. The viral dissemination assay introduced in the earlier chapters allowed me to in-
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vestigate this. It would be expected that PBMCs, CD8*" T cells, NK cells and CD4" cells
from patients that did not have episodes of cytomegaloviraemia would exhibit levels of control
of CMV gene expression similar to that seen in healthy HCMV-seropositive controls, while
those that did have episodes of viraemia would demonstrate a functional defect in one or more
lymphocyte subsets, manifested by increased levels of CMV gene expression, implicating an
impaired immune response to HCMV. The experiments in this chapter attempt to address this
hypothesis, by looking for differences in ability to control IE and late CMV gene expression
in the in vitro viral dissemination assay by the various immune cell populations from a co-
hort of kidney and liver transplant recipients, and comparing them to the same immune cell

populations in a cohort of healthy individuals.

Obtaining multiple immune cell populations from a single sample of PBMCs

As explained in Section 2.12.3, it was required to obtain CD4™ cells, CD8" T cells and NK
cells from a single sample of PBMCs. As such, in the cell separations for viral dissemination
assays described in this chapter, after removal of the required number of total PBMCs, CD4"
cells were first isolated by positive selection using MACS. The remaining CD4-depleted PBMCs
were then split into 2 aliquots, with one being used for undergoing CD8* T cell isolation and
the other for NK cell isolation. This was done using specific Isolation Kits to deplete all cells
that were not CD8" T cells or NK cells. The use of depletion methods was necessary for
CD8* T cells and NK cells as the CD8 molecule is expressed on up to 40% of NK cells [6,547]
while the common NK cell molecule, CD56, is also expressed on other T cells, such as 76T
cells [293].

Contributions

The work in this chapter was undertaken in collaboration with a team from University
College London (headed by Dr Matthew Reeves), funded by a Wellcome Trust collaborative
grant and Medical Research Council grants, and with a post-doctoral colleague from Dr Mark
Wills" group (Dr Charlotte Houldcroft). Skin biopsy samples, initial growing of primary dermal
fibroblast cell lines and collection of patient blood samples were carried out by the team
from University College London. The cellular separations and assay set-ups were performed
by myself. Dr Houldcroft performed the viral infections and added the cellular subsets post-

separation, and performed the FluoroSpot™

assays. Flow cytometry to obtain VDA results
was performed in equal shares by Dr Houldcroft and myself. All subsequent data analysis and

statistical analysis was performed by myself.
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6.2 Characteristics of transplant recipients in the study

The transplant patients included in this study were a cohort of kidney and liver transplant
recipients ranging from ages 20-68 who were recruited by Royal Free Hospital, London and had
either kidney or liver transplants from October 2018 to September 2019. These patients had
monitoring for CMV viral load as per clinical protocols [28,383], during which PBMCs were
also taken for the purposes of this study pre-transplant and at regular intervals post-transplant.
As part of the post-transplant protocol to prevent organ rejection, the kidney transplant pa-
tients in this study received an immunosuppressive regimen based on basiliximab (monoclonal
antibody to IL2 receptor [285]), mycophenolate mofetil (inhibitor of inosine monophosphate
dehydrogenase and inducible nitric oxide synthase inhibitor [15]) and tacrolimus (a calcineurin
inhibitor [436], immunosuppression guidelines found in [2]); while the liver transplant patients
received a regimen based on tacrolimus, azathioprine (a purine analogue [457]) or mycophe-

nolate mofetil and steroids (guidelines in [392]).

2-mm punch biopsy of the skin was also taken from each of these patients and grown out to
obtain primary dermal fibroblast cell lines (protocol published in [451], modified in [450]). This
enabled me to use autologous dermal fibroblasts when the various immune cell populations
from these transplant recipients were added to the viral dissemination assay, thus allowing
for appropriate MHC Class | and Il antigen presentation to occur without generating in vitro
allogeneic reactions. Table 6.1 lists the characteristics of the patients included in this study,
and Table 6.2 lists the number of donors with and without viraemia in each serostatus group.
A viraemic episode was defined as presence of CMV viral load >200 genome copies/ml of
blood for 2 consecutive tests during routine post-transplant CMV PCR screening, and patients
that experienced episodes of viraemia were classified as “viraemic donors”. This classification
applies to all subsequent analyses in this chapter. Details of each of these patients is given in

Appendix J.
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Organ transplanted

Kidney Liver

p value*
(=7)  (n=8)
Age 0.9691
<55 years 4
>55 years 3
Serostatus 0.1737
DTR* 6
DR 1
D' R* 0
Episodes of viraemia**? 0.0127
Yes
No 6
Viraemia >1000 copies/ml? 0.4795
Yes
No 6

Table 6.1: Characteristics of transplant recipients
*Statistics performed using Chi-square test.
**Defined as presence of CMV viral load >200 copies/ml of blood for 2 consecutive tests during
routine post-transplant CMV PCR screening.

Serostatus | Viraemic donors | Non-viraemic donors | p value*
DtR™ 4 7 0.3174
DR 2 1
DRt 0 2

Table 6.2: Number of viraemic and non-viraemic donors in each serostatus group

*Statistics performed using Chi-square test.
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6.3 Viral dissemination assay provides a more nuanced

analysis of immune cell response to HCMV

6.3.1 Viraemic patients are not always lymphopaenic

Patients with recurrent CMV infections are more likely to have lower lymphocyte counts
[308,409], and in a multi-variate analysis of 276 liver transplant recipients, pre-transplant
lymphopenia was found to be an independent predictor for CMV disease [413]. To examine
if lymphopenia or low total PBMC counts was associated with episodes of viraemia in our
cohort of patients, lymphocyte, monocyte and total PBMC counts, calculated by addition of
lymphocyte and monocyte counts, were plotted against a time course of CMV viral load levels
of all patients in the study. Fig.6.1A shows the counts for patients who experienced episodes
of viraemia, defined as detection of >200 CMV genome copies/ml of blood on two consecutive
post-transplant PCR screening tests, while Fig.6.1B shows the counts for patients who did not
experience viraemia (note that the left y-axis is different between Figs.6.1A & 6.1B).

The results in Fig.6.1A show that there were patients who experienced episodes of viraemia
even though they had lymphocyte and PBMC counts above threshold levels (R01-079, RO1-
081 and R02-011, pink and teal dotted lines). Conversely, Fig.6.1B shows that there were
also patients who did not experience episodes of viraemia despite low PBMC and lymphocyte
counts (R02-005, R02-015, and R02-058). In addition, two of the patients that experienced
viraemic episodes despite PBMC and lymphocyte counts above threshold were the “high-risk”
D*R (R01-079 and R01-081). These figures suggest that absolute PBMC or lymphocyte
numbers do not completely describe the functional capability of these cells to prevent HCMV

replication, particularly in DTR" patients.
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6.3

(A) Viraemic patients

R01-079

600000

w
o
=3
o
=3
o
1

6000-
5000 1

4000
3000-]
2000
1000

0

Genome copies/ml

Genome copies/ml

1000

‘:%:'

5000

T T T T T T
10 20 30 40 50 60

Days from transplant

R02-129

N w B
[=3 o o
(=3 (= o
o o o
1 1 |

1000

Genome copies/ml

-6
x
-
o
-4 _© | Normal range
8 of PBMC no.s
% | in healthy adult
) ':
< Threshold for
lymphopenia
0
-6
x
=
o
4 _© | Normal range
8 | of PBMCnos
ﬁ in healthy adult
2 F
< Threshold for
lymphopenia
0
70
6
]
=
o
4 _© | Normal range
8 | of PBMCnos
ﬁ in healthy adult
L2 ,:
< Threshold for
lymphopenia
0

Days from transplant

—— CMV viral load -~- Lymphocytes

PBMCs

-*- Monocytes

Days from transplant

CMV treatment

R01-081
5000
E 4000 N
5 x
2 =
g— 3000 4 © [ Normal range
53 8 | of PBMC no.s
g 2000 % | in healthy adult
o 1000 < Threshold for
lymphopenia
04 T T T T T 0
0 30 60 90 120 150 180 210
cMV Days from transplant
19G -
R02-125
5000
- 6
£ 40004
5 ]
2 3
8‘ 3000 4 © | Normal range
o 8 | of PBMCno.s
g 2000 % | in healthy adult
o] ~
c L2 -~
8 1000+ Threshold for
—=
lymphopenia
0 0
0
Days from transplant
R02-171
5000
— -6
£ 4000+
B x
2 3
8‘ 3000 4 © | Normal range
o 3 | of PBMCnoss
g 20004 = |in healthy adult
o | «——= Threshold for
lymphopenia
0
90

203



6.3 Chapter 6

(B) Non-viraemic patients
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Figure 6.1: Time course of CMV viral load, total PBMCs, lymphocyte and monocyte
counts in transplant recipients

Time course of CMV viral load, lymphocyte counts, monocyte counts and total PBMC counts,
obtained by addition of lymphocyte and monocyte counts, were plotted for the 6 patients with
episodes of viraemia (Fig.6.1A), defined as detection of CMV viral load >200 genome copies/ml of
blood for 2 consecutive tests during routine post-transplant CMV PCR screening of blood, and 9
patients without episodes of viraemia (Fig.6.1B). Shaded grey areas indicate time periods when
CMV treatment was given, dotted grey lines indicate range of expected numbers of PBMCs in
healthy adults, and solid grey line indicates threshold for defining lymphopenia (1 x 10% cells/L).
Note that the left y-axis is different between Figs.6.1A & 6.1B

tTM

6.3.2 Fluorospo analysis of IFN-~ responses to CMV peptides

From whole PBMCs

Monitoring for CMV-specific T-cell responses, usually by detecting an IFN-~ response to
stimulation of whole blood or PBMCs with CMV-specific antigens, can predict individuals at
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risk of CMV disease post-transplant [308], although the largest study to date of using CMV-
specific immune monitoring to predict CMV infection suggested that its highest clinical utility
lay in risk-stratifying R* patients, as opposed to "high-risk” DTR" patients [317]. However,
lack of routine availability, high costs and slow turnaround time limit its incorporation into

routine clinical monitoring [214].

To examine the CMV-specific immunity of the cohort of patients in this study, IFN-v
responses of PBMCs from transplant recipients to HCMV peptide pools were measured and
subsequently stratified according to donor and recipient serostatus, and whether they experi-
enced episodes of viraemia. The peptide pools consisted of peptides from IE, gB, pp65, pp71,
US28 and latency-associated antigens (such as Latency Unique Nuclear Antigen, LUNA). The

t™ assay. This as-

IFN-v responses of these PBMCs were measured using the FluoroSpo
say involves coating monoclonal antibodies to specific analytes (in this case, IFN-v) onto a
polyvinylidene fluoride (PVDF) membrane in a 96-well plate. Subsequently, PBMCs and the
relevant peptides are added and the plates incubated for 48 hours to allow T cell recognition of
antigens and production of the cytokine response. Biotinylated or tag-labelled secondary detec-
tion antibodies to the analyte(s) are then added before final addition of fluorescently-labelled
anti-tag antibodies or streptavidin. The amount of IFN-v is then quantified by enumerat-
ing the number of fluorescence “spots” per well with a fluorescence reader, and given as the
number of “spot-forming units” (sfu) per 10° cells added to the well. The number of CD3™"
cells per well was measured by staining an equivalent amount of PBMCs added to the well
with antibodies to CD3/CD4/CD8 and analysing by flow cytometry to obtain the number of
CD3* cells in the PBMC population. The number of “spot-forming units” is then corrected
for the number of CD3™ cells per well, to obtain number of “spot-forming units per 10¢ CD3"

cells". These FluoroSpo assays were performed by Dr Charlotte Houldcroft, and data and

statistical analysis was performed by me.

The results are seen in Fig.6.2A. Two patients in the study experienced recurrent episodes
of viraemia (R01-079 and R01-081). As such, PBMCs were sampled from multiple timepoints
throughout the post-transplant monitoring period for both donors (4 timepoints for R01-079
and 3 timepoints for R01-081) and were analysed as part of the “DTR" Viraemics” group
in Fig.6.2A. Mann-Whitney U tests were then performed to look for statistically significant

differences between the groups.

Fig.6.2A shows that PBMCs from D'R* patients who did not experience any episodes of
viraemia had the lowest median IFN-vy response to HCMV peptide pools, while the PBMCs
from the DR patients who experienced multiple episodes of viraemia showed the highest
median IFN-~ responses to HCMV peptide pools overall. However, | was unable to find any
statistically significant difference between the IFN-v responses from any of the groups. We
would expect that patients that did not experience episodes of viraemia (i.e. they had sufficient

CMV-specific immunity to prevent viraemia) would demonstrate higher IFN-v responses to
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HCMV-peptide pools as a reflection of their CMV-specific immunity in vivo. However, this
is clearly not the case. This data suggests that examining the summed IFN-~ response of
PBMCs as a whole to HCMV peptide pools may not be sufficient to give a complete picture
of the CMV-specific immunity of these patients.

Furthermore, when these data points were re-analysed purely by whether they experienced
viraemic episodes or not, Fig.6.2B shows that the viraemic patients actually had a higher
median IFN-~ response to HCMV peptide pools than patients who did not. This would suggest
that using a poor IFN-~ response to HCMV peptides as a predictor of viraemic episodes could

possibly be misleading.

There is, however, a caveat to this data, which is that these PBMCs were taken at various
timepoints pre- and post-transplant, ranging from 22 days pre-transplant to up to 211 days
post-transplant (with most data falling between 22 and 85 days post-transplant), and, partic-
ularly for the viraemic patients, most samples were taken from timepoints after the onset of
viraemia. It would thus be impossible to comment if the IFN-v responses were predictive of

viraemic episodes.
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Figure 6.2: Summed IFN-v responses of PBMCs from transplant recipients to HCMV
peptide pools

FluoroSpot ™ assays were performed on PBMCs from transplant recipients and IFN- responses to
HCMYV peptide pools containing IE, gB, pp65, pp71, US28 and latency-associated HCMV antigens
were measured and added together. Fig.6.2A: These responses were then stratified by donor and
recipient HCMV serostatus and whether the recipient experienced episodes of viraemia
(“Viraemics”) or not (“Controllers”). Two DR transplant recipients (R01-079 and R01-081) had
PBMC samples taken from 4 and 3 different timepoints post-transplant, respectively, which were
added to the “DTR" Viraemics” group. Fig.6.2B shows these same data points re-organised into
whether they had viraemic episodes (“Viraemics") or not (“Controllers”). Medians of each group
are shown and statistical analysis performed using Mann-Whitney U tests. FluoroSpot™ data
obtained from Dr Charlotte Houldcroft, statistical analysis performed by myself.
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From CD4- and CD8-enriched cell populations

The association of a functioning CD8" T cell response with a lower risk of HCMV reac-
tivation and disease in solid organ transplant recipients is well-documented [83, 84, 360, 384,
387,422,439], although there is a growing body of evidence that an adequately-functioning

CD4™ T cell response is also necessary (reviewed in [352]).

To examine if there was an association between the magnitude of CD4" and CD8*' T cell
responses with the development of CMV viraemia in our cohort of patients, the FluoroSpot™
IFN-~ responses of the CD4-enriched and CD8-enriched immune cell populations from our
cohort of transplant recipients was studied. These CD4- and CD8-enriched immune cell pop-
ulations were obtained by using CD8 or CD4 MicroBeads to label CD8" or CD4™ cells on
whole PBMC populations, followed by removal of these labelled cells with MACS columns.
FluoroSpot ™ assays were then performed on these immune cell populations in the same man-
ner as for the data shown in Fig.6.2 above. The FluoroSpot™ assays were performed by Dr
Charlotte Houldcroft.

The results in Fig.6.3A show that, for patients with episodes of viraemia, CD8-enriched
immune cell populations tended to generate a stronger IFN-v response to HCMV peptide
pools than CD4-enriched population (pink squares vs light purple inverted triangles), but
this difference was not statistically significant. When the CD4-enriched and CD8-enriched
populations were analysed by serostatus group (Fig.6.3B), there was no statistically significant

differences between the groups.

These graphs therefore show that :

1. Both CD4- and CD8-enriched populations from this cohort of transplant recipients were
able to generate an IFN-~ response to HCMV peptide pools, regardless of whether they

were viraemic and their serostatus groups.

2. Their serostatus groups and viraemic status appeared to have no impact on the magni-

tude of these IFN-v responses.
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Figure 6.3: Summed IFN-v responses of CD4- and CD8-enriched immune cell populations
from transplant recipients to HCMV peptide pools

FluoroSpot™ assays were performed on CD4- and CD8-enriched immune cell populations from
transplant recipients and IFN-~ responses to HCMV peptide pools containing IE, gB, pp65, pp71,
US28 and latency-associated HCMV antigens were measured and added together. Fig.6.3B: These
responses were then stratified by donor and recipient HCMV serostatus and whether the recipient
experienced episodes of viraemia (“Viraemics”) or not (“Non-viraemics”). Two DTR™ transplant
recipients (R01-079 and R01-081) had PBMC samples taken from 4 and 2 different timepoints
post-transplant, respectively, which were added to the “DTR" Viraemics" group. Fig.6.3B shows the
comparisons between the different serostatus groups for the CD4- and CD8-enriched populations.
Medians of each group are shown and statistical analysis performed using Mann-Whitney U tests.
FluoroSpot ™ data obtained from Dr Charlotte Houldcroft, statistical analysis performed by myself.
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Comparison of FluoroSpot™ IFN-~ responses with results from viral dissemination
assays

There were two patients in this cohort who experienced recurrent episodes of viraemia
(R01-079 & R01-081), both of whom belonged to the “high-reactivation-risk” DTR" group.
Figs.6.2A & 6.3B showed that the patient groups that experienced viraemic episodes appeared
to have CMV-specific T cell responses, measured by summed IFN-~ responses, which were not
dissimilar to those from patients who remained non-viraemic. We thus wanted to examine if
the recurrent episodes of viraemia in these patients was due to the lack of a CMV-specific T
cell response at a particular timepoint during transplantation, or if it was due to the lack of a
CMV-specific CD4" or CD8" T cell response at a particular timepoint. FluoroSpot™ assays
were performed on whole PBMCs, CD8™ cell-depleted PBMCs (“CD4-enriched”), or CD4"
cell-depleted PBMCs (“CD8-enriched”) from various timepoints post-transplant. The results
in Figs.6.4A—6.4D show that this is not the case. Figs.6.4A & 6.4B show that whole PBMCs
are able to produce an IFN-v response to HCMV peptide pools at multiple timepoints post-
transplant, even when taken during periods of viraemia. In particular, Fig.6.4A shows that
for one donor (R01-079), the highest IFN-v response to HCMV-peptides arose from PBMCs
taken during a viraemic episode. When CD8™ cells or CD4™" cells were depleted from the
PBMCs of these patients, Fig.6.4C shows that for patient R01-079, there is a CMV-specific
IFN-~ response from CD8" T cells, while Fig.6.4D shows that there is a CMV-specific IFN-~y
response from both CD4% and CD8" T cells.

Figs.6.4A—6.4D thus tell us that these 2 patients possessed a CMV-specific T cell response.
Yet, this did not prevent either patient from experiencing recurrent episodes of viraemia, which
suggests that the CMV-specific T cell response was insufficient to prevent CMV replication in
vivo. Figs.6.4E & 6.4G show the results of the viral dissemination assay performed on PBMCs,
CD4™ cells, CD8' T cells and NK cells from multiple timepoints for patient R01-079, and
Figs.6.4F & 6.4H show the same for patient R01-081. The E:T ratios at which these immune
cells were added is specified in brackets in each figure legend. Fig.6.4E shows that, overall, the
different immune cell populations show a fairly poor ability in limiting the amount of IE CMV
gene expression in the VDAs, while Fig.6.4G shows that CD4* cells and CD8* T cells showed
a poor ability to limit late CMV gene expression at all timepoints tested after 60 days post-
transplantation. For patient R01-081, Fig.6.4H shows that all immune cell populations showed
a poor ability to limit late CMV gene expression at 100-110 days post-transplantation. These

results show that the CMV-specific IFN-y response as measured by FluoroSpot™

assay does
not provide a complete picture of the true functional ability of these immune cell populations
to limit CMV replication, and demonstrate that the VDA may provide a better means of

dissecting the antiviral responses of each of these immune cell populations.
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Chapter 6 6.4

Figure 6.4: Time course of CMV viral load, IFN-~v response of total PBMCs and
CD4-enriched or CD8-enriched PBMCs to HCMV peptide pools on FluoroSpot™ assay,
and amount of IE and late CMV gene expression on viral dissemination assays for 2 DR
patients with recurrent episodes of viraemia

Figs.6.4A, 6.4B: IFN-~ responses to various HCMV peptide pools of PBMCs from various
timepoints post-transplantation from 2 D"R* patients measured by FluoroSpot™ assay, plotted
against time course of CMV viral load. Figs.6.4C, 6.4D: Sum of all IFN-v responses to pp65/UL144
and gB peptide pools, from PBMCs, PBMCs that had CD8* cells removed (“CD4-enriched”), and
PBMCs that had CD4™ cells removed (“CD8-enriched”) at various timepoints post-transplantation
from the same 2 patients. Figs.6.4E, 6.4F: Mean amount of mCherry™GFP~ cells from triplicate
wells, expressed as a percentage of mCherry™GFP~ cells in infected controls, when PBMCs, CD4™
cells, CD8™ T cells and NK cells from each patient was added to the viral dissemination assay. E:T
ratios at which immune cells were added is given in brackets in figure legends. Figs.6.4G, 6.4H:
Mean amount of mCherry™GFP™ cells from the same wells as Figs.6.4G & 6.4H. Grey areas
indicate time periods when CMV treatment was given. LUNA = Latency Unique Natural Antigen,
Tx = time of transplantation. FluoroSpot™ data obtained from Dr Charlotte Houldcroft.

6.4 Comparing ability of different immune cell popula-
tions from transplant recipients to control immediate-
early and late CMV gene expression using the viral

dissemination assay

To compare the capability of each cell type to limit viral dissemination in vitro, a viral
dissemination assay was set up for samples from each transplant recipient. As with the vi-
ral dissemination assays described in Chapters 3 and 5, primary dermal fibroblasts from the
transplant recipient were seeded in 96-well half-area plates at 10,000 cells/well and grown to
confluency overnight. Half-area plates were used as this allowed me to use fewer immune cells
to achieve the required E:T ratios when adding the immune cells. The next day, these fibrob-
lasts were infected with Merlin WT virus. Also on the same day, frozen PBMCs from multiple
timepoints (typically, three): one pre-transplant (if available) and two post-transplant were
chosen. For patients that had detectable viraemia, PBMCs from timepoints before and after
episodes of viraemia were chosen if available. The post-separation purities of each immune
cell population and results of the viral dissemination assays on all 4 immune cell populations

from each individual patient is given in Appendices K-Q.

The PBMCs, CD4* cells, CD8" T cells and NK cells were obtained in the same manner
as for the healthy donors (as described in Methods Section 2.11 and Chapter 3) and added
to Merlin WT-infected fibroblasts at the following starting E:T ratios, followed by halving
dilutions: 1.25:1 for PBMCs, 5:1 for CD4" cells, and 0.3-2.5:1 for CD8" and NK cells,
depending on the number of cells obtained post-separation. These assays were then harvested

at 7-10 dpi and analysed by flow cytometry. The results are then graphed as such: the amount
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of cells expressing mCherry™ GFP-, expressed as a percentage of the amount of cells expressing
the same in infected controls of the respective transplant recipient, is calculated for each E:T
ratio and the mean of triplicate wells is plotted. This is repeated for the amount of cells

expressing mCherry™GFP™.

The results from two representative transplant recipients in comparison to a healthy HCMV-
seropositive control are shown in Fig.6.5: left column shows the healthy HCMV-seropositive
control, middle column shows a D'R™ recipient that did not experience episodes of viraemia
(R02-015), and right column shows a DTR™ recipient that did (R02-125). The number of
days pre- or post-transplant from which the sample is obtained is shown in brackets next to

the respective timepoint.

PBMCs from the non-viraemic recipient (R02-015) at 60 days post-transplant showed a
good ability to limit IE and late CMV gene expression even at lower E:T ratios (Fig.6.5A,
middle column, teal lines), similar to that seen in a healthy HCMV-seropositive individual
(Fig.6.5A, left column), while PBMCs from the pre-transplant timepoint and at 25 days post-
transplant lost this ability at a much higher E:T ratio (Fig.6.5A, middle column, black and pink
lines). In contrast, for PBMCs from the donor who experienced viraemic episodes, PBMCs
from all 3 timepoints post-tranplant lost the ability to limit IE and late CMV gene expression
at a comparatively higher E:T ratio (Fig.6.5A, right column).

In Fig.6.5B, CD8" T cells from pre-transplant and 60 days post-transplant timepoints
from the non-viraemic patient lost the ability to limit IE CMV gene expression only at the
relatively low E:T ratio of 0.08:1 (middle column, upper graph, black and teal lines), and
those from 25 days post-transplant lost it at the slightly higher E:T ratio of 0.15:1 (middle
column, lower graph, pink line). For late gene expression, CD8" T cells from all 3 timepoints
showed a good ability of control at nearly at E:T ratios tested (middle column, lower graph).
The degree of control seen at these timepoints is similar or even better than that seen in the
healthy HCMV-seropositive control (left column, upper and lower graphs). In contrast, for
the viraemic patient, CD8" T cells from all 3 timepoints had lost ability to limit IE CMV gene
expression at the higher E:T ratio of 0.6:1 (right column, upper graph), while for late CMV
gene expression, CD8" T cells showed a moderate ability to limit late CMV gene expression at
21 days post-transplant (right column, lower graph, black line), but this worsened at 60 and
70 days post-transplant, as they lost this ability at the higher E:T ratios of 0.3:1 and 1.25:1

respectively (right column, lower graph, pink and teal lines).

In Fig.6.5C, CD4" cells from the non-viraemic patient showed a poorer ability to limit
IE CMV gene expression at the pre-transplant and 25 days post-transplant timepoint (middle
column, upper graph, black and pink lines), losing this ability at the E:T ratio of approximately
1.25:1, but this had improved by 60 days post-transplant (middle column, upper graph, teal
line). For late gene expression, CD4™ cells from all timepoints only completely lost ability
to limit late CMV gene expression at the lowest E:T ratios of 0.15-0.3:1 (Fig.6.5C, middle
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column, lower graph). In contrast, for the viraemic patient, CD4" cells from 21 and 70 days
post-transplant (right column, upper and lower graphs, black and teal lines) lost ability to
limit IE and late CMV gene expression at the higher E:T ratios of 0.6-1.25:1, while those
from 60 days post-transplant overall only lost this ability at the lower E:T ratio of 0.3:1 (right
column, upper and lower graphs, pink lines). In comparison, CD4" cells from the healthy
HCMV-seropositive donor showed a sharp drop in ability to control both IE and late CMV
gene expression at the E:T ratio of 0.6:1 (Fig.6.5C, left column).

For NK cells (Fig.6.5D), those from all 3 timepoints of the non-viraemic donor showed no
ability to limit IE CMV gene expression at all E:T ratios tested (middle column, upper graph, all
lines), while those from the viraemic donor showed no ability at 21 and 70 days post-transplant
(right column, upper graph, black and teal lines) and a marginally better ability at 60 days
post-transplant (pink line). This is similar to that seen in the healthy HCMV-seropositive
donor, which also showed no ability to control at the same E:T ratios (left column, upper
graph). For late CMV gene expression, NK cells from the healthy donor showed a good ability
to control at E:T ratios of 0.3:1 and above, only beginning to lose this ability at the lowest
E:T ratio of 0.15:1 (left column, lower graph), whereas those from the non-viraemic donor
showed a nearly no ability at the pre-transplant and initial post-transplant timepoint (middle
column, lower graph, black and pink lines), and only showed some control at the higher E:T
ratios from the last timepoint tested (middle column, lower graph, teal line), an effect that
tails off fairly quickly. For the viraemic donor, NK cells from 60 days post-transplant showed
a good ability to control late CMV gene expression (right column, lower graph, pink line), but
those from the first 2 timepoints post-transplant had nearly no ability to control late CMV

gene expression (right column, lower graph, black and teal lines).

As discussed in Chapter 3, cells that express mCherry" GFP™ also express UL32, a late
gene. Infected cells that have reached late gene expression would also be expected to have
active viral replication occurring. These results suggest that a loss of ability of CD4™ cells
from a viraemic transplant recipient to control late gene expression in vitro could account for

loss of control of viral replication in vivo, and therefore result in episodes of CMV viraemia.
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Figure 6.5: Comparing control of IE and late CMV gene expression by PBMCs, CD8* T
cells, NK cells and CD4" cells in a non-viraemic and viraemic donor

Primary dermal fibroblasts from a transplant recipient were seeded in 96-well half-area plates at
10,000 cells/well and grown to confluency overnight. The next day, these fibroblasts were infected
with Merlin WT virus. Also on the same day, frozen PBMCs from multiple timepoints (typically,
three): one pre-transplant (if available) and two post-transplant were chosen. For patients that had
detectable viraemia, PBMCs from timepoints before and after episodes of viraemia were chosen if
available. The PBMCs were defrosted from liquid nitrogen (methods described in Section 2.11) and
treated with DNase for one hour before washing and resting in media at 37°C overnight. At 1 dpi,
the PBMCs were washed and counted before addition to the infected fibroblasts at starting a E: T
ratio of 1.25:1 in triplicate wells, followed by halving dilutions. Subsequently, the CD4™ cells,
CD8™ T cell and NK cell populations were obtained from the PBMCs in the same manner as
described in Chapter 3 (illustrated in Fig.3.5)—CD4" cells were obtained first by MACS positive
selection with CD4 MicroBeads, followed by splitting the remaining CD4-depleted PBMCs into 2
populations and obtaining the CD8" T cell and NK cell populations by MACS depletion using the
respective Isolation Kits. The CD4™ cells were added at a starting E:T ratio of 5:1. For CD8" T
cells and NK cells, the starting E:T ratio was dependent on the number of cells obtained after
separation. This ranged from 0.3-2.5:1. These assays were then harvested at 7-10 dpi and analysed
by flow cytometry. The results are then graphed as such: the amount of cells expressing
mCherry™GFP-, expressed as a percentage of the amount of cells expressing the same in infected
controls of the respective transplant recipient, is calculated for each E:T ratio and the mean of
triplicate wells is plotted. This is repeated for amount of cells expressing mCherry™GFP™. Middle
column shows graphs from one patient that did not experience episodes of viraemia (R02-015) and
right column shows graphs from one patient that had an episode of viraemia (R02-125). Left
column shows corresponding graphs from a healthy HCMV-seropositive donor for comparison. The
number of days pre- or post-transplant from which the sample is obtained is shown in brackets next
to the respective timepoint. Error bars represent SD of triplicate wells. Statistics performed using
two-way ANOVA with Tukey's multiple comparisons test. (*p<0.05; **p<0.01; ***p<0.001;
**x%p<0.0001; ns = not significant)

The results in Fig.6.5 demonstrate how the viral dissemination assay was used to compare
the functional ability of the various immune cell populations from different timepoints of the
same patient, and also between different patients. It also shows the challenges | faced when
attempting to analyse the data. Firstly, | needed a method to analyse the data that would
include examining the function of these immune cell populations at all the E:T ratios tested,
and also at all the different timepoints tested. Secondly, due to limited amounts of PBMC
samples available, it was not always possible to obtain sufficient CD8% T cells and NK cells to
have a consistent starting E: T ratio at every timepoint. This made it challenging to attempt
to examine the CD8" T cell and NK cell function across the entire cohort in a consistent
manner. It was also crucial to examine the function of all these immune cell populations in
relation to their performance in vivo—i.e. whether the patient ultimately experienced viraemic
episodes post-transplantation, and also when these blood samples were taken in relation to
the periods of viraemia. The graphs in the following sections attempt to stratify the data in

a way that would allow me to examine these correlations.

In addition, there was the observation in some VDA results where, after “normalisation” to
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infected controls, some of these data points showed a %mCherry™GFP- or %mCherry™GFP™
of >100%. This occurred when the infected controls (i.e. wells that had no immune cells
added) had a lower percentage of mCherry™ GFP~ or mCherry™GFP™ than wells that had had
immune cells added. This was likely due to the “edge effect” in these plates, where wells at
the edge of the plate (where the infected control wells usually were) had more evaporation of
media than those closer to the middle of the plate, possibly leading to greater cell death and

lower infection rates of surviving cells.
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6.5 Comparing PBMCs, CD8* T cells, NK cells and
CD4™ cells taken during periods with and without

viraemia

The results shown in Fig.6.5 from viral dissemination assays suggest that immune cell
populations from transplant recipients show varying abilities to limit IE and late CMV gene
expression, and that this could correlate with episodes of CMV viraemia. In particular, CD8*
T cells and CD4™" cells from the non-viraemic recipient were able to control late CMV gene
expression to a better degree than the CD8™ T cell and CD4* cells from the viraemic recipient
at the same E:T ratio. | thus wondered if this lack of ability to control virus in the VDA is more
generally associated with episodes of viraemia in transplant recipients. In order to determine
this, | examined a total of 50 timepoints from the cohort of 15 transplant recipients in the
same manner as described in Section 6.4, and stratified the results by whether these recipients
were viraemic or not at that timepoint. The results of all 50 timepoints are shown in the
violin plots in Fig.6.6. The mean of triplicate wells for each E:T ratio was calculated and is
represented as one data point in the violin plot. As part of post-transplant protocol, regular
monitoring for the occurrence of CMV viraemia was performed. As such, if the CMV viral
load was above the detection threshold at the timepoints the samples were obtained, these
samples were classified as being from a “Viraemic timepoint” and those that did not have
viraemia were classified as being from a “Non-viraemic timepoint”. There was a total of 37
non-viraemic timepoints and 13 viraemic timepoints. As the data points in each group were
found to be normally distributed using the Shapiro-Wilk test, the Student’s t-test was then
performed between these groups at each E:T ratio to determine if there were any differences
between the immune cell population from viraemic timepoints versus non-viraemic timpoints.
The left column of graphs in Fig.6.5 shows the amount of IE CMV gene expression at each
of these timepoints and E:T ratios, expressed as a percentage of the amount of IE CMV gene
expression in infected control wells of the respective recipient and timepoint; the right column

shows the same for late CMV gene expression.
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Figure 6.6: Comparison of control of viral dissemination by PBMCs, CD8* T cells, NK
cells and CD4 cells from timepoints with or without viraemia

A total of 50 timepoints from the cohort of 15 transplant recipients was examined in the same
manner as described in Section 6.4. PBMCs, CD4" cells, CD8" T cells and NK cells were added to
the viral dissemination assay, and the mean of triplicate wells for each E: T ratio was calculated and
is represented as one data point in the violin plot. If there was presence of CMV viral load above
detection threshold at the timepoints the samples were obtained, these samples were classified as
being from a “Viraemic timepoint” and those that did not have viraemia were classified as being
from a “Non-viraemic timepoint”. Student’s t-test was then performed between these groups at
each E:T ratio to determine if there were any differences between the 2 groups. The left column of
graphs in Fig.6.5 shows amount of IE CMV gene expression at each of these timepoints and E:T
ratios, expressed as a percentage of the mean amount of IE CMV gene expression in infected control
triplicate wells of the respective recipient and timepoint; the right column shows the same for late
CMV gene expression. (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001; ns = not significant)

PBMCs from viraemic timepoints do not control late CMV gene expression at all
E:T ratios tested

The violin plots in Figs.6.6A and 6.6B show that there is no statistically significant dif-
ference between PBMCs from viraemic timepoints and non-viraemic timepoints in limiting IE
CMV gene expression, except at the highest E:T ratio tested of 1.25:1 (Fig.6.6A). The results
show that at the higher E:T ratios PBMCs from some donors are more effective at suppression
of IE CMV gene expression than others and that as the E:T ratio is decreased this suppressive
effect is diluted. However, when comparing late CMV gene expression, PBMCs from non-
viraemic timepoints are more able to limit late CMV gene expression at all E:T ratios tested
(Fig.6.6B). These results would suggest that episodes of clinical viraemia can be reflected in
vitro by a loss of ability of PBMCs to control late CMV gene expression at some points, but

importantly, there are still PBMC samples from viraemic timepoints that exert good control.

CD8* T cells from non-viraemic timepoints are able to control late viral dissemina-

tion at a wide range of E:T ratios

Comparing CD8" T cells from viraemic and non-viraemic timepoints, there was no sta-
tistically significant difference between either group in the ability of CD8™" T cells to control
IE CMV gene expression at nearly all E:T ratios tested (Fig.6.6C), similar to the results with
whole PBMCs. For late CMV gene expression (Fig.6.6D), at the highest E:T ratio of 2.5:1,
CD8" T cells from both groups showed an ability to control progression to late phase infection.
This is likely because CD8™ T cells have direct cytotoxicity against CMV-infected cells, and at
high E:T ratios, the number of CD8" T cells in the well is sufficient for direct cytotoxic effects
to limit late CMV gene expression and viral replication, regardless of whether these CD8" T
cells were from viraemic or non-viraemic timepoints. However, at the lower E:T ratios, CD8"
T cells from non-viraemic timepoints showed a much better capability to limit late CMV gene

expression at a wide range of E:T ratios (from 0.08:1 to 1.25:1) as compared to CD8" T cells
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from viraemic timepoints.

CD4" cells from viraemic timepoints do not control late CMV gene expression at
higher E:T ratios

For CD4™ cells, the difference in ability to control late CMV gene expression between
non-viraemic and viraemic timepoints is only statistically significant at the higher E:T ratios
of 5:1 and 2.5:1 (Fig.6.6F), although CD4™ cells from viraemic timepoints show a much wider
variation in ability to control late CMV gene expression as compared to CD4" cells from
non-viraemic timepoints. This suggests that CD4" cells may vary widely with regards to
contribution to overall control of HCMV replication in vivo, as some CD4™" cells from viraemic
timepoints show a good ability to limit late CMV gene expression in vitro, yet these transplant
recipients still experience episodes of CMV viraemia. In Fig.6.6E, at E:Ts of 0.15:1, 0.3:1 and
0.6:1, CD4™" cells from non-viraemic timepoints show an apparent poorer ability to control
IE CMV gene expression as compared to CD4™" cells from viraemic timepoints. This is likely
due to fewer cells progressing to late phase infection in the non-viraemic group, leading to
an accumulation of cells expressing only IE CMV genes. This is reflected by the narrower
distribution of data points at E:Ts of 0.15:1, 0.3:1 and 0.6:1 in the non-viraemic group in
Fig.6.6F. Thus Fig.6.6E does not represent a poorer ability of CD4™ T cells from non-viraemic

timepoints to control viral dissemination.

NK cells from viraemic timepoints show poor ability to control late CMV gene

expression even at a high E:T ratio

Fig.6.6G shows that there was no difference in the ability to control IE CMV gene expression
between NK cells from viraemic and non-viraemic timepoints, except in the highest E:T ratio
tested of 2.5:1, and Fig.6.6H shows the same for late gene expression, except for the highest
E:T ratios of 2.5:1 and 1.25:1. As with CD8™ T cells, NK cells have cytotoxic effects against
CMV-infected cells, and the ability of NK cells from viraemic timepoints but not those from
non-viraemic timepoints to limit IE CMV and late CMV gene expression at high E:T ratios
suggests that a loss of NK cell-mediated cytotoxicity may contribute to overall loss of control

of viral replication in vivo, and thus lead to episodes of viraemia.
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6.6 Examining impact of donor and recipient serostatus,
type of organ transplanted, and viral load on ability
of PBMCs, CD8™ T cells, NK cells and CD4* cells

to control in vitro viral gene expression

The results in Section 6.5 show that PBMCs from some viraemic timepoints were not
able to control late CMV gene expression in vitro. The data would also suggest that this
loss of control could predominantly be attributed to CD8" T cells, but NK cells and CD4"
cells also contribute to this loss. In Chapter 3, PBMCs from healthy HCMV-seropositive
donors were able to control IE CMV gene expression at E:T ratios of 2.5:1, 1.25:1 and 0.6:1,
while those from healthy HCMV-seronegative donors were not (Fig.3.14); for late CMV gene
expression, PBMCs from both HCMV-seropositive and HCMV-seronegative donors were able
to limit late CMV gene expression up to E:T ratios of approximately 0.3:1, although PBMCs
from healthy HCMV-seropositive donors were able to do so better than those from HCMV-
seronegative donors. | thus wanted to examine how the level of IE and late CMV gene
expression by PBMCs from viraemic and non-viraemic timepoints compared to PBMCs from
healthy HCMV-seropositive and seronegative donors. The hypothesis was that PBMCs from
non-viraemic timepoints would have a similar level of control as those from HCMV-seropositive
donors, while those from viraemic timepoints would likely suppress viral gene expression to a
similar level (or possibly worse) than that seen in HCMV-seronegative donors. | also wanted
to examine if there were other factors that contributed to loss of control of viral replication in
vivo—such as the donor and recipient serostatus or type of organ transplanted—that would

lead to episodes of viraemia.

To do these comparisons, | first produced violin plots of mean amounts of IE and late CMV
gene expression seen when PBMCs from healthy HCMV-seropositive and HCMV-seronegative
donors were added to the viral dissemination assay (previously shown in Fig.3.14). Three E:T
ratios of 1.25:1, 0.6:1 and 0.3:1 were plotted—these E:T ratios were chosen as these were the
E:T ratios at which there was a statistically significant difference in ability to control IE and late
CMV gene expression between HCMV-seropositive and HCMV-seronegative healthy controls,
as well as between cells from viraemic and non-viraemic timepoints. Next, | added the violin
plots (from Fig.6.5) of mean amounts of IE and late CMV gene expression seen when PBMCs
from non-viraemic and viraemic timepoints were added to the viral dissemination assay for
the respective E:T ratios. The data points from the transplant recipients were then stratified
according to their donor and recipient serostatus (DTR™, D*R", or D'R™), whether they were
kidney or liver transplants, and, where the information was available, whether they had viral
loads of >1000 or <1000 genome copies/ml at the time of sampling (“high viraemics” or “low

viraemics"). Statistical analysis was also performed using Mann-Whitney U tests to look for
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statistically significant differences between the groups. The results of this analysis is shown in
Fig.6.7.

6.6.1 PBMCs

On comparing the PBMCs from transplant recipients with healthy donors (Fig.6.7), it
can be seen that PBMCs from non-viraemic timepoints are similar to PBMCs from healthy
HCMV-seropositive donors in their ability to limit IE and late CMV gene expression at E:T
ratios of 1.25:1 and 0.6:1 (Figs.6.7A-6.7D, black vs teal violin plots). When comparing
PBMCs from viraemic timepoints with those from HCMV-seronegative donors, those from
viraemic timepoints appear to show a poorer control of late CMV gene expression, although
this difference was not statistically significant (Figs.6.7B, 6.7D & 6.7F, pink vs dark purple
violin plots). On examining the impact of donor and recipient serostatus, PBMCs from D*R°
transplants showed the poorest ability overall to control late CMV gene expression (light purple,
light blue and brown violin plots, Figs.6.7B, 6.7D, 6.7F). Figs.6.7B, 6.7D, & 6.7F also show
that most of the viraemic timepoints occurred in DTR" transplants (light blue vs dark purple
violin plots) and that PBMCs from liver transplant recipients were also more likely to have
poorer control of late CMV gene expression than PBMCs from kidney transplant recipients
(navy vs green violin plots). However, PBMCs from patients with high viral loads at the time
when the blood sample was taken (>1000 copies/ml) did not show a poorer ability to control
late CMV gene expression in vitro than PBMCs from patients with low viral loads of <1000

copies/ml (grey vs beige violin plots).

Overall, the conclusions that can be drawn from these graphs are:

1. PBMCs from viraemic timepoints are not better able to decrease amount of CMV entry
and IE gene expression than those from non-viraemic timepoints, but they are better

able to limit progression to late gene expression.

2. PBMCs from D*R" patients consistently show the worst ability to limit IE and late CMV
gene expression among the three different serostatus groups present in this cohort of
patients. This is in line with prior observations that DR~ patients are at the highest risk
of CMV reactivation and disease. D™R~ patients have no memory T cell responses to
HCMV and therefore need to produce a primary immune response to replicating HCMV,
whereas D™R™ and D"R™ patients should, theoretically, have primed immune responses

which are able to rapidly produce a secondary immune response to replicating HCMV.

223



6.6 Chapter 6
PBMC, E:T 1.25, IE PBMC, E:T 1.25, Late
(A) *%k ns ns ns ns (B)
111 171
150 ns ** NS 150-

-

(=3

o
1

% mCherry*GFP"
(normalised)
(3
(=]
1

Tl

0 T 1
9 e e L .2 .2
\4040\\q~<2~q~ \40&\06;\0
&£ 090 LL ~l~ {be’ &
K& 0 ,&“ ‘\4\4\4\
& bé R Q"\Q S
‘(\§ SIPC) 0
@
2. &L
P &
X

PBMC, E:T 0.6, IE
(C) * ns ns ns

I_Inls_ll_ll_ll_l

150 I—I *k %k
ns i
1

% mCherry*GFP
(normalised)
o =
o o
1 1
B =
'M
1 &I ==
SR o R ——
=3

0—— T T T T T 1
& & & RCHCH
éép Tt q"‘oi\&‘ “&‘&‘
&

OQOQ’\&‘ o 4\4\

& &«& ¥ S

5 S

‘?‘QQ*éok‘

PBMC, E:T 0.3, IE/E

( E) ns ns ns ns ns

300

-

o

o
1

% mCherry*GFP
(normalised)
N
S
1
e ;I

0 | —
& &L q. Q- & S E
%\\4 5“4 ST o&:&&\
é‘ 6‘ &
,_,e}bq} O N
*\,@ ,bz&bz TNV
A e\ R
o
NG

224

-

(=3

o
1

% mCherry*GFP*
(normalised)
[
o
1

PBMC, E:T 0.6, Late
(D)

ns *%k ns * ns

-

(3]

o
1

% mCherry*GFP*
(normalised)
=
o
1

PBMC, E:T 0.3, Late

(F)

s00o S Rk ns ns
1 I 1 | | |l_|

ﬂ%lhr 1

-

(3]

o
1

% mCherry*GFP*
(normalised)
)
(=]
1

50
0 1 1 1
@ ‘@ & Q~ & Q~ ‘2} & &
& a,@Q o " Op 6“0&‘
& o‘z‘q«*‘e«(‘g & 4‘@
T N
& & o O
Q) Ae & &£ IV
N
PL S W
By Qg’eoo



Chapter 6 6.6

Figure 6.7: Comparison of control of viral gene expression by PBMCs from viraemic and
non-viraemic timepoints with healthy HCMV-seropositive and HCMV-seronegative
controls

Violin plots of mean amounts of IE and late CMV gene expression for PBMCs from healthy
HCMV-seropositive and HCMV-seronegative donors that were added to the viral dissemination
assay at E:T ratios of 1.25:1, 0.6:1 and 0.3:1 were plotted (black and pink violin plots, previously
shown in Fig.3.14). Next, violin plots showing mean amounts of IE and late CMV gene expression
for PBMCs from viraemic and non-viraemic timepoints that had been added to the viral
dissemination assay at E:T ratios of 1.25:1, 0.6:1 and 0.3:1 were added (teal and dark purple violin
plots). The data points from the transplant recipients (i.e. the teal and dark purple violin plots)
were then re-categorised by the following criteria and re-plotted onto the same graphs: donor and
recipient serostatus (light purple, light blue, and brown violin plots); whether they were kidney or
liver transplants (green and navy violin plots); and whether they had viral loads of >1000 (“high
viraemics", beige violin plots) or <1000 genome copies/ml (“low viraemics”, grey violin plots) at
the time when the blood sample was drawn. Titles above each graph state the E: T ratio and phase
of gene expression shown by the respective graph. Statistics were performed using a Mann-Whitney
U test. (IE = immediate-early CMV gene expression, Late = late CMV gene expression; *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001; ns = not significant)
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6.6.2 CD8*" T cells

The results presented in Fig.6.5 show that the viral dissemination assay can be used as a tool
to dissect how CD8* T cells, NK cells and CD4* contribute (or not) to overall PBMC control
of HCMV-infected cells. Having shown that PBMCs from non-viraemic timepoints performed
similarly to PBMCs from healthy HCMV-seropositive donors while PBMCs from viraemic
timepoints behaved similarly to PBMCs from HCMV-seronegative donors, | next wanted to
examine if this observation also applied to the different immune cell populations as well. In
the same manner as with the PBMCs, violin plots of mean amounts of IE and late CMV gene
expression seen when CD8™ T cells from healthy HCMV-seropositive and HCMV-seronegative
donors were added to the viral dissemination assay at E: T ratios of 1.25:1, 0.6:1 and 0.3:1 were
plotted (Fig.6.8, black and pink violin plots; data originally presented in Fig.3.15). Then, violin
plots (from Fig.6.6) of mean amount of IE and late CMV gene expression seen when CD8% T
cells from non-viraemic and viraemic timepoints were added to the viral dissemination assay
were plotted for each respective E:T ratio (Fig.6.8, teal and purple violin plots). Similarly to
the PBMCs, the data points from the transplant recipients were then stratified according to
their donor and recipient serostatus (DTR™, light purple violin plots; DTR", light blue violin
plots; or D'"R™, brown violin plots), whether they were kidney (green violin plots) or liver
transplants (navy violin plots), and, where the information was available, whether they had
viral loads of >1000 or <1000 genome copies/ml (“high viraemics”, beige violin plots; or
“low viraemics”, grey violin plots) when the blood sample was taken. These data points were
then re-plotted as violin plots on the same graph. | then performed statistical analysis using
Mann-Whitney U tests to look for statistically significant differences between the groups.

Similar to PBMCs, CD8" T cells from non-viraemic timepoints showed similar levels of
ability to limit IE and late CMV gene expression when compared to CD8' T cells from healthy
HCMV-seropositive donors (Fig.6.8, black vs teal violin plots), while CD8" T cells from vi-
raemic timepoints showed a similar lack of ability to control late CMV gene expression when
compared to CD8™ T cells from healthy HCMV-seronegative donors (Figs.6.8B, 6.8D & 6.8F,
pink vs dark purple violin plots). When the data points from viraemic and non-viraemic
timepoints were stratified according to donor and recipient status, CD8" T cells from DTR-
transplants showed the poorest ability to limit IE and late CMV gene expression (Fig.6.8, light
blue violin plots), while there appeared to be no statistically significant difference between the
ability of CD8" T cells from DTR™ and D'R™ transplants to limit IE or late CMV gene ex-
pression (light purple and brown violin plots). There was no statistically significant difference
in ability to control IE or late CMV gene expression between CD8* T cells from kidney or liver
transplant recipients (green and navy violin plots), nor did the amount of viral load present at
time of sampling appear to affect whether CD8" T cells were able to control IE or late CMV

gene expression (beige and grey violin plots).

226



0.6

Chapter 6

CD8, E:T 1.25, Late

(B)

z[
we [ =
Ty
]
_mm_H il -
)
e
3) e[
* CEmr—
2 m ﬁ”H-I.H-HHJWI!
g8 8 8

(A)

(pasijewsou)
Ld49 Ausyow %

(pasijew.ou)
.d49,Ausyow %

CD8, E:T 0.6, Late

(D)

ns ns

CDS8, E:T 0.6, IE
ns

ns

©

ns

*%

150

(pasijewaou)

+dd49 Ausyow %

(pasijew.ou)
.d49, Ausyow %

ns

L
——ree—tr T %
§eL
N
i I**_|| —F
-3 e
8 +[, —
e T o
n|m_||°&WH.

(F)

ns

ns

CD8,E:T0.3,IE
ns
ns! I I I

ns

|
I

ns

T T
o [=} o
') [=]

-

1

(pasijewaou)

+dd49 Ausygw %

é

200

(E)

00
50+

150 | |

(pasijew.iou)
.d49, Ausyow %

8
o,
e\&e
@&0\
“
S, %, Y
Ty % OV
.V “7
&, %,
Ly, %
a\.o
w\xo
X&O
8
\«.\\o
8, %%
%, e««\\
S 0%, 2
T 4 s
S Y, %
Y %, %
%, 0. %9
“%. % Gmu
%, O5 %,
o.\z %, %
& \\0 an\
\m\ )
%
S,
%
8.
0,
a.\@z
&&@\
“
Y S, ¥,
NN
T > %,
%, %
,&0
&
s, @
%,
8, 0%
%, %
%, %,
Sy % %o,
%, %, %,
& KR
% QV % m..\\
s, (o %
OQ.\QQ %
o.\o.. %, %
S Yo W
4w.\ S,
%Y
S,
%

227



6.6 Chapter 6

Figure 6.8: Comparison of control of viral gene expression by CD8* T cells from viraemic
and non-viraemic timepoints with healthy HCMV-seropositive and HCMV-seronegative
controls

Violin plots of mean amounts of IE and late CMV gene expression for CD8" T cells from healthy
HCMV-seropositive and HCMV-seronegative donors that were added to the viral dissemination
assay at E:T ratios of 1.25:1, 0.6:1 and 0.3:1 were plotted (black and pink violin plots, previously
shown in Fig.3.15). Next, violin plots showing mean amounts of IE and late CMV gene expression
for CD8™ T cells from viraemic and non-viraemic timepoints that had been added to the viral
dissemination assay at E:T ratios of 1.25:1, 0.6:1 and 0.3:1 were added (teal and dark purple violin
plots). The data points from the transplant recipients (i.e. the teal and dark purple violin plots)
were then re-categorised by the following criteria and re-plotted onto the same graphs: donor and
recipient serostatus (light purple, light blue, and brown violin plots); whether they were kidney or
liver transplants (green and navy violin plots); and whether they had viral loads of >1000 (“high
viraemics”, yellow violin plots) or <1000 genome copies/ml (“low viraemics”, grey violin plots)
when the blood sample was taken. Titles above each graph state the E:T ratio and phase of gene
expression shown by the respective graph. Statistics performed using Mann-Whitney U test. (IE =
immediate-early CMV gene expression, Late = late CMV gene expression; *p<0.05; **p<0.01;
**xp<0.001; ****p<0.0001; ns = not significant)
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6.6.3 NK cells

| next examined whether NK cells from viraemic and non-viraemic timepoints showed
similar levels of control of IE and late CMV gene expression to NK cells from healthy HCMV-
seropositive and HCMV-seronegative donors in the viral dissemination assay. The violin plots
and statistical analysis as calculated for PBMCs and CD8" T cells in Sections 6.6.1 and 6.6.2
were performed on NK cells in the same manner as for PBMCs and CD8" T cells. Only one E:T
ratio (of 2.5:1) was plotted as this was the only E:T ratio that showed a statistically significant
difference between NK cells from viraemic and non-viraemic timepoints in controlling IE and
late CMV gene expression. There were insufficient samples to compare whether NK cells from
patients with high or low viral loads had any difference in ability to control IE or late CMV

gene expression. The results are shown in Fig.6.9.

NK cells from non-viraemic timepoints were better able to limit IE and late CMV gene
expression as compared to NK cells from healthy HCMV-seropositive controls (Fig.6.9, black
vs teal violin plots), whereas NK cells from viraemic timepoints showed a poorer ability to limit
late CMV gene expression, although this was not statistically significant (Fig.6.9B, pink and
dark purple violin plots). There were no differences in ability to limit IE and late CMV gene
expression between NK cells from D*R*, D*R, and D'R™ transplants (light purple, light blue
and brown violin plots). However, NK cells from liver transplant recipients showed a poorer
ability to limit IE and late CMV gene expression than those from kidney transplant recipients

(green and navy violin plots).

NK cells form part of the innate immune response, and therefore, theoretically, do not
require a prior exposure to pathogens in order to carry out their cytotoxic functions, although
NKG2C*™ CD57" “adaptive” NK cells have been described in HCMV-seropositive individuals
[53, 210, 508]. The observation that there were no differences between NK cells from the
D*RT, D*R and D'R™ serostatus groups in controlling IE and late CMV gene expression is
in support of this, and would seem to suggest that the factors that determine if a patient can
mount an effective NK cell response to HCMV are not dependent on the presence of memory
T cell responses. There is, however, the caveat that there were few NK cell samples that had
adequate E:T ratios available, and therefore more samples are needed before conclusions can

be drawn.
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Figure 6.9: Comparison of control of viral gene expression by NK cells from viraemic and
non-viraemic timepoints with healthy HCMV-seropositive and HCMV-seronegative

controls

Violin plots of mean amounts of IE and late CMV gene expression for NK cells from healthy
HCMV-seropositive and HCMV-seronegative donors that were added to the viral dissemination
assay at E:T ratios of 2.5:1 were plotted (black and pink violin plots, previously shown in Fig.3.17).
Next, violin plots showing mean amounts of IE and late CMV gene expression for NK cells from
viraemic and non-viraemic timepoints that had been added to the viral dissemination assay at E: T
ratios of 2.5:1 were added (teal and dark purple violin plots). The data points from the transplant
recipients (i.e. the teal and dark purple violin plots) were then re-categorised by the following
criteria and re-plotted onto the same graphs: donor and recipient serostatus (light purple, light
blue, and brown violin plots); and whether they were kidney or liver transplants (green and navy
violin plots). Titles above each graph state the E:T ratio and phase of gene expression shown by
the respective graph. Statistics performed using Mann-Whitney U tests. (IE = immediate-early
CMV gene expression, Late = late CMV gene expression; *p<0.05; **p<0.01; ***p<0.001;

****p<0.0001; ns = not significant)
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6.6.4 CDA4t cells

Fig.3.18 in Chapter 3 showed that CD4* cells from a cohort of healthy HCMV-seropositive
donors were able to control late CMV gene expression at higher E:T ratios of 1.25:1, 2.5:1
and 5:1. The experiments in Chapter 4 showed that cytokines in the secretome of CD4™ cells
co-cultured with HCMV-infected fibroblasts were a component of this control. The results
in Chapter 5 suggested that it was a monocyte population that was present in cells selected
with CD4 MicroBeads that was responsible for this. It also showed that the mechanism of
how this occurred was by antigen presentation via the MHC Class Il pathway to CD4" T
cells, such that the CD4" T cells could produce IFN-v that could then induce MHC Class Il
on uninfected fibroblasts. This then allowed the CD4" T cells to recognise these fibroblasts
when they became infected with HCMV. The results in Fig.6.5C showed that CD4™ cells from
non-viraemic timepoints were able to limit late CMV gene expression at higher E:T ratios of
2.5:1 and 5:1. It would thus be expected that the control of viral gene expression by CD4*
cells from non-viraemic timepoints would be similar to that from healthy HCMV-seropositive

controls.

To test this hypothesis, violin plots and statistical analysis as calculated for PBMCs, CD8*
T cells and NK cells in the preceding Sections 6.6.1-6.6.3 were performed on CD4* cells. Violin
plots of mean amounts of IE and late CMV gene expression for CD4™ cells from healthy HCMV-
seropositive and HCMV-seronegative donors that were added to the viral dissemination assay
at E:T ratios of 5:1 and 2.5:1 were plotted (Fig.6.5C, black and pink violin plots, previously
shown in Fig.3.18). Next, violin plots showing mean amounts of |IE and late CMV gene
expression for NK cells from viraemic and non-viraemic timepoints that had been added to the
viral dissemination assay at E:T ratios of 5:1 and 2.5:1 were added (Fig.6.5C, teal and dark
purple violin plots). The data points from the transplant recipients (i.e. the teal and dark
purple violin plots) were then re-categorised by the following criteria and re-plotted onto the
same graphs: donor and recipient serostatus (light purple, light blue, and brown violin plots);
whether they were kidney or liver transplants (green and navy violin plots); and whether they
had viral loads of >1000 or <1000 genome copies/ml (“high viraemics”, beige violin plots; or

“low viraemics”, grey violin plots) at the time when the sample was taken.

Fig.6.10 shows that CD4" cells from non-viraemic timepoints show poorer control of IE
CMV gene expression than CD4™ cells from healthy HCMV-seropositive controls (Figs.6.10A
& 6.10C, black vs teal violin plots). However, for late CMV gene expression, CD4" cells
from non-viraemic timepoints showed similar amounts of control as CD4™" cells from healthy
HCMV-seropositive controls (Figs.6.10B & 6.10D, black vs teal violin plots). CD4% cells
from viraemic timepoints demonstrated a wide range of ability to control IE and late CMV
gene expression, a result that was similar to the wide range of ability seen in healthy HCMV-
seronegative controls (Figs.6.10A—6.10D, pink vs dark purple violin plots). When stratified by

donor and recipient serostatus, DTR™ transplants again showed the poorest ability to control
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late IE CMV gene expression (Figs.6.10B & 6.10D, light blue violin plots), a result that was
also seen in PBMCs and CD8™ T cells. CD4™ cells from liver transplant recipients showed a
poorer ability to limit late CMV gene expression when compared to kidney transplant recipients
(Figs.6.10B & 6.10D, navy vs green violin plots), although this difference was only statistically
significant at the E:T ratio of 5:1. A high or low viral load at the time of blood sampling
was not associated with a difference in the ability of CD4™" cells to limit IE or late CMV gene

expression (beige vs grey violin plots).
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Figure 6.10: Comparison of control of viral gene expression by CD4+ cells from viraemic
and non-viraemic timepoints with healthy HCMV-seropositive and HCMV-seronegative
controls

Violin plots of mean amounts of IE and late CMV gene expression for CD4 ™ cells from healthy
HCMV-seropositive and HCMV-seronegative donors that were added to the viral dissemination
assay at E:T ratios of 5:1 and 2.5:1 were plotted (black and pink violin plots, previously shown in
Fig.3.18). Next, violin plots showing mean amounts of IE and late CMV gene expression for CD4*
cells from viraemic and non-viraemic timepoints that had been added to the viral dissemination
assay at E:T ratios of 5:1 and 2.5:1 were added (teal and dark purple violin plots). The data points
from the transplant recipients (i.e. the teal and dark purple violin plots) were then re-categorised
by the following criteria and re-plotted onto the same graphs: donor and recipient serostatus (light
purple, light blue, and brown violin plots); whether they were kidney or liver transplants (green and
navy violin plots); and whether they had viral loads of >1000 (“high viraemics”, yellow violin plots)
or <1000 genome copies/ml (“low viraemics”, grey violin plots) when the blood sample was taken.
Titles above each graph state the E:T ratio and phase of gene expression shown by the respective
graph. Statistics performed using Mann-Whitney U test. (IE = immediate-early CMV gene
expression, Late = late CMV gene expression; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001,;
ns = not significant)
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6.7 Using the viral dissemination assay to compare PBMC s,
CD8% T cells, NK cells and CD4™" cells over the

transplant time course

The previous section allowed me to examine how PBMCs, CD8" T cells, NK cells and
CD4™" cells from viraemic and non-viraemic timepoints, different serostatus groups, and 2
different types of solid organ transplants differed in their ability to limit IE and late CMV gene
expression in the viral dissemination assay. However, this did not allow me to examine how
these immune cell populations from the same patient contributed to overall control of CMV in
vivo, or whether the control seen in the VDAs showed a relation to when they had their viraemic
episodes. To do this, | plotted the mean %mCherry™ GFP- and %mCherry™GFP™ cells in the
viral dissemination assay of each immune cell population for each patient in a graph with their
transplant time course and CMV viral load as measured on regular post-transplant screening.
As it was not possible to plot all the E:T ratios from the same immune cell population
on the graph, one E:T ratio that was thought to show the greatest difference between the
timepoints was chosen. These graphs are shown in Fig.6.11 below and grouped according to
their transplant serostatus group, and whether they were viraemic or not. Left column shows
%mCherry™ GFP-, right column shows %mCherry* GFP*. For ease of comparison, graphs from
the 2 donors (R01-079 & R01-081) shown earlier in Fig.6.4E—6.4H are shown here as well.

Fig.6.11 demonstrates the difficulty of interpreting the large dataset with multiple variables

to consider. However, it would appear that there were a few trends that were noted:

1. Control of late CMV gene expression was a better discriminator of functional
ability between viraemic and non-viraemic patients.
The amount of IE CMV gene expression (%mCherry™ GFP~) was between 50 to 100% or
more for most of the immune cell populations in most of the patients, with only a few
exceptions in some PBMC (pink dotted lines in graphs) and CD8" T cell populations
(dark purple dotted lines in graphs) from a few donors (e.g. R02-109, R02-015). As
such, it was difficult to use suppression of IE CMV gene expression to differentiate

between the control exerted by the different immune cell populations.

2. Post-transplant PBMCs almost always controlled late CMV gene expression
to <50%mCherrytGFP* by the final timepoint in non-viraemic patients.
With the exception of patient R02-174, PBMC (pink dotted lines) control of late CMV
gene expression was either always to a degree of <50%mCherry™GFP* at all post-
transplant timepoints, or had improved to <50%mCherry™GFP™ by the final timepoint.
In one patient that had approximately 50%mCherrytGFP™ at the final timepoint tested
(R02-185), this was followed by small blips of CMV viral load detected by routine screen-

ing, although it was not sufficient to be classified as a viraemic episode or warrant CMV
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treatment.

3. There was frequently a deterioration of control of late CMV gene expression,

or baseline poor control, from at least 3 immune cell populations preceding
episodes of viraemia. Conversely, there was often an improvement in control,
or baseline good control, of at least 2 immune cell populations by the last
timepoint post-transplant in non-viraemic patients.
With the exception of R02-185, who continued to have small blips of detectable CMV
viral load after the last timepoint tested, nearly all the other non-viraemic patients
showed an improvement in late CMV gene control (seen as a downward sloping line) of
at least 2 immune cell populations by the last timepoint post-transplant. The exceptions
were R02-079, who showed a worsening of CD4" and CD8™* function but an improvement
in PBMC function, and R02-184, who showed a worsening of CD8" T cell function and
NK function but had overall good PBMC function. Conversely, in 4 of the 6 viraemic
patients (R02-011, R02-125, R01-079 and R01-081), there was a worsening of control
of late gene expression (seen as an upward sloping line) of at least 3 of the immune cell
populations just before onset or during the episode of viraemia. For the remaining 2
viraemic patients (R02-129 and R02-171), there were no samples just before the onset
of viraemia to observe this trend, although R02-171 did have a worsening of control in
PBMCs, CD4* cells and NK cells at the last timepoint post-transplant.
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(B) DTR™ Non-viraemic continued
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Figure 6.11: Using the viral dissemination assay to compare PBMCs, CD8* T cells, NK
cells and CD4 cells over the transplant time course

%mCherry™GFP~ and %mCherry™GFP™ cells in the viral dissemination assay with PBMCs, CD8*
T cells, NK cells and CD47T cells for each transplant patient was plotted in a graph with the
transplant time course and CMV viral load as measured on regular post-transplant screening.
Figs.6.11A & 6.11B show the DTR™ non-viraemic patients, Fig.6.11C shows the D'R™
non-viraemic patients, Fig.6.11D shows the D*R™ non-viraemic patient, Fig.6.11E shows the DTR™
viraemic patients, and Fig.6.11F shows the DTR" viraemic patients. Left column shows
%mCherry™ GFP-, right column shows %mCherry™GFPT. Note different y-axis scales between
viraemic and non-viraemic patients. Mean of triplicate wells is shown. The E:T ratio at which the
immune cell population was added is shown in brackets in the legend of each graph. Grey areas
represent duration of CMV treatment, and points at which CMV IgG was tested for the R™ patient
is shown on the graph.
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Fig.6.11 therefore shows how the VDA can be used to dissect the contributions of the
different immune cell populations to overall control of IE and late CMV gene expression, and
how this is reflected clinically by episodes of viraemia. However, there are clearly some caveats
to mention. Firstly, there were exceptions to the trends seen. Some of these exceptions could
be due to a lack of samples tested (for example, R02-185, who did not have samples tested
during the multiple small blips of detectable CMV viral load) after the last timepoint. There
were also patients that did not have samples tested at a timepoint clearly before the onset
of viraemia (e.g. R02-171, R02-129), which made it difficult to comment on whether the
immune cell function had shown a deterioration before the onset of viraemia. There were also
patients who showed fairly poor control of late CMV gene expression in at least two immune
cell populations (i.e. R02-079 and R02-184) but did not have episodes of viraemia. This may
have been due to inconsistent sample preparation, leading to poorer cell recovery and therefore

poorer function in the VDA.
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6.8 Discussion

6.8.1 Comparing the ability to control CMV gene expression between
PBMCs, CD8* T cells, CD4" and NK cells from transplant

recipients with healthy individuals

PBMCs from viraemic timepoints control in vitro CMV replication less efficiently
than PBMCs from healthy HCMV-seronegative controls

The results presented in Section 6.5 showed that PBMCs from viraemic timepoints show a
statistically significant poorer ability to control late CMV gene expression than PBMCs from
non-viraemic timepoints at all E:T ratios tested. Given that PBMCs at these timepoints were
taken during episodes of viraemia, this in vitro observation corresponds to the clinical picture
and reflects a similar loss of control of viral replication in vivo. When the PBMCs from these
viraemic timepoints were compared to those from healthy controls in Section 6.6.1, it can be
seen that these PBMCs showed an even poorer ability in controlling late CMV gene expression

than those from healthy HCMV-seronegative donors.

PBMCs consist of all mononuclear cells in the peripheral blood, which includes monocytes,
T lymphocytes (including CD4", CD8" and vd T cells), NK cells and B cells. Monocytes
and NK cells are part of the innate immune response which does not require memory T cells
to function. In HCMV-seronegative individuals with no memory T cell responses, the PBMC
response should therefore consist mostly of the innate immune responses of these individuals.
The observation that PBMCs from viraemic timepoints showed worse control than PBMCs
from healthy HCMV-seronegative donors would therefore suggest that there were deficiencies

in the innate immune responses of these PBMCs.

Hence, in order to examine how each of these immune cell populations from viraemic
and non-viraemic timepoints contributed (or not) to limit CMV replication, | added each of
these populations to the VDA and compared the amount of IE and late CMV gene expression
present. Clearly, the CD81 and CD4" T cell populations from HCMV-seropositive recipients
ought to have memory T responses present, and would be expected to exert better control
of IE and late CMV gene expression than those from HCMV-seronegative recipients, while
HCMV serostatus ought to have no impact on the ability of NK cells to control CMV gene

expression, as seen in the data from Chapter 3.

CD8* T cells from viraemic timepoints show poor control of CMV gene expression

In the data presented in Section 6.5 (Figs.6.6C—6.6D), it is clearly seen that other than at
the highest E:T ratio of 2.5:1, CD8* T cells from viraemic timepoints show a distinctly poorer
ability to control late CMV gene expression in vitro as compared to CD8" T cells from non-

viraemic timepoints. CD8" T cells from non-viraemic timepoints, on the other hand, showed
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a similar level of control to CD8" T cells from HCMV-seropositive patients. The requirement
of a successful recovery of the HCMV-specific CD8' T cell response for adequate protection
against CMV viraemia and disease in post-transplant patients is well-documented [583-585].
While numerous studies have also shown the importance of an intact HCMV-specific CD4™
T cell response (summarised in Table 1.7), protection from CMV disease is ultimately still
dependent upon recovery of a robust CMV-specific CD8" T cell response, particularly in solid
organ transplant recipients. The observation in Fig.6.6 is therefore in keeping with these prior
clinical studies, where CD8*" T cells from viraemic timepoints are unable to control viral gene
expression in vitro. In addition, it would also suggest that it is a functioning memory T cell

response that allows for this adequate control to happen.

CD4* and NK cells from viraemic timepoints show worse control of CMV gene
expression than CD4+ and NK cells from healthy HCMV-seronegative controls

During primary infection, CMV-specific CD4" T cells are only detected at approximately
1-2 weeks post-infection [479]. CD4" cells from HCMV-seronegative individuals exposed to
HCMV-infected cells in vitro would therefore not be expected to control viral gene expression,
and the results from CD4" cells from the cohort of healthy individuals presented earlier in
Fig.3.18 are consistent with this, where there is only a small amount of control at the highest
E:T ratio, which is possibly due to non-specific effects of adding higher numbers of CD4* cells
into the VDA. These non-specific effects may be as a result of small numbers of cytotoxic
CD4" T cells in the CD4 MicroBead-selected population, which could have direct cytotoxicity
on infected cells [567]. Another possibility is that, as shown in Chapter 5, the CD4™ cells
selected by CD4 MicroBeads also contain a population of monocytes and dendritic cells that

can exert a degree of control of viral gene expression.

As shown in Chapter 5, the presence of a monocyte population in the CD4™" cell population
potentiated control by CD4" T cells, an effect that was largely eliminated when MHC Class
Il and IFN-~-blocking antibodies were added. The observation that CD4* cells from viraemic
timepoints showed even worse control than CD4* cells from HCMV-seronegative donors would
suggest that there was a small degree of control by the innate immune cells in the CD4™" cells
from HCMV-seronegative donors, and also from primary immune responses of the CD4" T

cells, which was not present in the CD4™ cells from viraemic timepoints.

Moreover, a deep phenotyping analysis of the PBMCs or CD4™ cells from these patients
was not done. Given sufficient samples, performing such an analysis may have uncovered
deficiencies in these immune cell subsets in these patients, which could have affected their
CD4* T cell functions.
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6.8.2 Control of viral dissemination by PBMCs, CD4* cells, and
CD8™ T cells from non-viraemic timepoints approximate that

seen in healthy HCMV-seropositive controls

HCMYV infection in the immunocompetent host is marked by periods of reactivation, during
which productive lytic infection [526] and viral shedding into saliva and urine occurs [82,589].
However, an intact immune response usually precludes this from progressing into a persistent
CMV viraemia and end-organ disease. The results in Sections 3.4.1-3.4.4 characterising the in
vitro response of PBMCs, CD8" T cells and CD4* cells from a cohort of healthy controls to
HCMV-infected cells are consistent with the in vivo observations—PBMCs, CD8" and CD4*
cells from healthy HCMV-seropositive individuals are able to control IE and late CMV gene
expression in the viral dissemination assay, albeit to varying degrees. The data in Figs.6.7-6.10
show that there were no statistically significant differences in control of viral gene expression by
PBMCs, CD8" T cells and CD4™" cells from non-viraemic timepoints with those from healthy
HCMV-seropositive controls, while the absence of viraemia in at these timepoints suggests
that these immune cell populations are still able to exhibit a degree of normal function despite
these recipients receiving immunosuppression. That these immune cells from healthy HCMV-
seropositive individuals can exhibit control of CMV gene expression in the VDA despite the
presence of multiple immune evasion genes to both innate and adaptive responses (briefly
summarised in [652]) would suggest that, ultimately, in a fully-functioning immune system,

these immune evasion genes do not succeed in complete evasion of the immune response.

NK cells from non-viraemic timepoints appeared to show a greater degree of control of
IE and late CMV gene expression than NK cells from healthy seropositive individuals, and
a possible reason for this may be that, as discussed in Section 3.4.3, even among HCMV-
seropositive individuals, there appears to be a sub-population of individuals with NK cells that
are able to control viral gene expression, and a sub-population that do not. This observation is
interesting. Previous publications have reported that NK cells isolated from blood appear to be
unable to control wild-type HCMV replication in vitro [57,100], although patients with NK cell
defects have been associated with HCMV disease [57,114,458]. This would suggest that the
artificial in vitro methods of assessment of NK cell function do not appear to fully reflect the
in vivo capabilities of NK cell function [170]. HCMV encodes multiple immune evasion genes
against NK cells (reviewed in [52,170]), such as downregulation of stress-induced NK-activating
ligands on infected cells and the corresponding activating receptors on NK cells [25,52]. That
there appears to be sub-populations of individuals with NK cells with an inherent ability to
control viral gene expression in vitro would suggest that there may be individuals who have

greater resistance to these immune evasion mechanisms.
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6.8.3 D™R- transplant recipients

The findings presented in Section 6.6 show that, among the 3 different donor/recipient
serostatus combinations present in this cohort, PBMCs, CD8% T cells, NK cells and CD4*
cells from DR consistently performed the worst in limiting IE and late CMV gene expression.
Among recipients of solid organ transplants, D™R" transplants carry the highest risk of CMV
viraemia and disease [309]. This is in contrast to HSCTs, where D'R™ transplants carry the
highest risk of reactivation and disease. The reason for this is because CMV infection in solid
organ transplant recipients arises from reactivation of latent CMV from within the donated
organ encountering CMV-naive immune cells in the recipient [385], whereas in HSCTs, pre-
transplant conditioning regimens lead to ablation of the existing CMV-specific T cell response
of the recipient, and reactivation of latent disease in the recipient then manifests as a primary
CMV infection to CMV-naive lymphocytes from the seronegative donor [227,597]. The levels
of control of viral gene expression seen in these cell populations from DR transplant recipients
approximate that seen in healthy HCMV-seronegative controls, and are also consistent with
the observation of DR transplant recipients having the highest risk of CMV reactivation and

disease.

Unfortunately, we did not have sufficient data to determine with specificity when these
R~ patients in our cohort seroconverted. Seroconversion would suggest that these individuals
had had sufficient exposure to the virus to develop a secondary immune response, and, as
evidenced by the data from the healthy cohort in Chapter 3, the presence of a secondary

immune response allowed greater control of viral gene expression in the VDA.

That the presence of an IFN-y T cell response on FluoroSpot™ does not correspond to
an ability to control HCMV gene expression in the VDA is, in the face of prior studies done
by our group, surprising. In an analysis of the IFN-y T cell responses from a large cohort
of healthy HCMV-seropositive and HCMV-seronegative individuals [257], the IFN-+ response
to various lytic- and latency-associated HCMV peptides was consistently higher in healthy
HCMV-seropositive individuals, often in an order of magnitude of 10 times or more. This
is also in contrast to multiple other studies in post-transplant patients which suggest that
the appearance of CMV-specific T cells, measured by the presence of an IFN-~ response, is
associated with protection from HCMV viraemia and disease (as discussed in Section 1.2.7.1).
This would suggest that, although able to produce IFN-v, the T cells from these transplant
patients still exhibited a functional defect in not being able to prevent HCMV replication.

6.8.4 Liver transplant recipients

Among solid organ transplant recipients, lung and small intestine transplant recipients have
the highest risk of CMV reactivation and disease, while liver and heart recipients are at an
intermediate risk and kidney recipients are at the lowest risk of CMV infection [243,368]. In
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the results shown in Fig.6.7, PBMCs from liver transplant recipients were consistently poorer
at control of late CMV gene expression than PBMCs from kidney transplant recipients. When
this is examined by the respective lymphocyte populations, this trend is also present in NK
cells (Fig.6.9B) and CD4* cells (Figs.6.10B,6.10D), but not in CD8" T cells. The poorer
control of late CMV gene expression in vitro by PBMCs from liver transplant as compared to
kidney transplant recipients is consistent with the clinical trends of liver transplant recipients
having a higher risk of CMV reactivation and disease. The results from the NK cell and CD4"
cell graphs suggest that this is likely due to a defect in NK cell or CD4* function, although
the reason for this defect is unclear—some possibilities may be that the post-liver transplant
immunosuppression regime more strongly suppresses CD4" or NK cell responses, or that livers
from HCMV-seropositive donors harbour higher latent CMV viral loads than kidneys from
HCMV-seropositive donors.

6.8.5 It is not always clear if a specific defect of either CD4* cells,
CD8™ T cells or NK cells leads to viraemic episodes, but an
absence of improvement of function of CD4* cells, CD8T T

cells and NK cells frequently precedes episodes of viraemia

Section 6.7 bears out the complexity of analysing the various immune cell responses to
HCMV. The data seemed to suggest that it was often a defect in function of more than
one cell population that led to episodes of viraemia, although it was not always clear if one
particular immune cell population contributed to a greater degree than others. While the
VDA examined the functional ability of the majority of the various immune cell populations
present, it did not examine the contribution of a few smaller populations, such as monocytes,
macrophages, pDCs or CD4CD8 ¢ T cells. An additional complication was the occasional
insufficient numbers of some of the immune cell populations obtained, specifically CD8* T
cells and NK cells. This led to the uncertainty of whether the inability of the CD8" or NK
cell population to control viral gene expression at that particular E: T ratio was simply due to
an inadequate E:T ratio used. All in all, assuming adequacy of available samples, further use
of this VDA could be modified to include monocyte cell populations among the immune cell
populations studied, especially given the findings shown in Chapter 5 which imply an important
role of their antigen-presenting function and type | IFN from pDCs in the control of HCMV

gene expression.

6.8.6 Limitations and challenges of this study

There were also other challenges in carrying out the experiments on this cohort of samples.

Due to the COVID-19 pandemic, sample collection was interrupted, including samples of skin
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biopsy collection to obtain the primary dermal cell lines. This led to limitations on the number
of patients on which this VDA could be performed on. In addition, there were fewer viraemic
patients than expected, which led to challenges in interpreting trends in data from a smaller
sample group. Serology data for the three R patients in this study was also sporadic, which
leads to uncertainties of when these patients developed a primary immune response to HCMV.
The CD4™ cell population in this study was also selected by positive selection MACS with
CD4 MicroBeads, which likely led to “contamination” of the CD4™ cell population with a
small population of monocytes and pDCs, although one could argue that without the presence
of these antigen-presenting cells in the VDA it may have been problematic to discriminate
between the variations in control shown by the different groups, as a “pure” CD4" T cell
population would likely show overall poor control, even in the healthy HCMV-seropositive

population.
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General Discussion

7.1 A model for CD4™ T cell control of HCMV

7.1.1 The effects of IFN-v

In the work presented in this thesis, | have further developed a viral dissemination assay
which was first utilised by our group to characterise the PBMC, CD8" T cell, CD41 T cell,
and NK cell responses to HCMV in a cohort of healthy HCMV-seropositive and HCMV-
seronegative individuals. The results showed that there are inherent differences in ability to
control in vitro |IE and late CMV gene expression between the various immune cell populations
from HCMV-seronegative and HCMV-seropositive donors, and also led to surprising findings
that CD4* cells from healthy HCMV-seropositive donors were able to exert control over |IE
and late CMV gene expression to a significant degree in cells that support lytic infection but

do not constitutively express MHC Class Il.

| then proceeded to investigate how these CD4™ cells were able to recognise CMV-infected
cells which did not constitutively express MHC Class Il on their cell surface. The results
showed that CD4™ cells exerted control of CMV dissemination in part via their secreted factors
(“secretome”) and that IFN-y was a key component of this secretome. IFN-y was shown to be
able to induce MHC Class |l expression on uninfected fibroblasts, and severely limit late CMV
gene expression. Be that as it may, it was still not able to prevent viral entry, nor progression
to IE CMV gene expression, suggesting that the IFN-v immune evasion mechanisms of the
virus, while ultimately unable to completely overcome IFN-y-mediated host defences, is still
able to sufficiently evade them, such that the continuous presence of IFN-7 is required, and
that once this immune pressure was released, progression to late CMV gene expression and
viral replication took place. An illustration of the effects of IFN-vy to HCMV-infected cells in

the viral dissemination assay is shown in Fig.7.1.
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Figure 7.1: The effects of adding IFN-v to the viral dissemination assay
Figure created at BioRender.com

Given these observations, future work could be to further investigate the HCMV genes

which were expressed in mCherry™ GFP- cells, by sorting for these cells and performing single-

cell mRNA sequencing on them. This could allow further characterisation of the effects of

IFN-v on HCMV gene expression and replication. Another method of examining the effects of

IFN-~ could be to use CRISPR gene editing to knock out the IFN-~ receptor, preventing the

cells from responding to IFN-. Such an approach could delineate more clearly the contribution

of the other cytokines in the secretome to control of HCMV gene expression and replication.
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7.1.2 The role of antigen presenting cells

The data presented in the next section of this thesis revealed the role of antigen presenting
cells in the CD4™" cell response to HCMV, and elucidated how these cells allowed CD4" T
cells to recognise HCMV-infected fibroblasts such that they could exert their antiviral effects.
Specifically, the presence of CD14" monocytes added to CD4" T cells at a ratio of 1:9
(10% of cells added) was found to enable CD4" T cells to limit IE CMV gene expression
to a small degree and late CMV gene expression to a large degree. In contrast, addition of
either monocytes or CD4™ T cells in isolation led to poor control of IE and late CMV gene
expression. Therefore, these monocytes were likely able to take up CMV antigen and present
them to CD4™" T cells, which allowed the production of a cytokine milieu that included multiple
antiviral cytokines such as IFN-«;, IFN-3, TNF-« and IFN-v. An illustration of the sequence
of events that follow addition of these immune cell populations in isolation or together to
HCMV-infected fibroblasts is shown in Fig.7.2.

When either MHC Class Il or IFN-v was inhibited with blocking antibody, the CD4* cell
control of HCMV was inhibited partially. When both MHC Class Il and IFN-v were inhibited
with blocking antibody, this control was completely inhibited in one donor, and inhibited
partially in 2 other donors. This suggested that a large part of the control of HCMV-infected
cells by CD4™ T cells was mediated by antigen presentation via the MHC Class Il pathway and
the resultant IFN-v-related antiviral effects. An illustration of the likely sequence of events

following blocking of IFN-v and MHC Class Il in the viral dissemination assay is shown in
Fig.7.3.

A recurrent issue | faced was that it did not seem possible to completely block MHC Class
Il despite high doses of blocking antibody. A possible solution to this could be to use CRISPR
gene editing to remove the Class Il transactivator (CIITA) gene in the fibroblasts. This would
prevent the fibroblasts from being able to upregulate MHC Class Il to IFN-v, and if used
in conjunction with the IFN-~-receptor CRISPR knock-out fibroblast lines, could distinguish
between the downstream effects of MHC Class |l-mediated events (where the fibroblasts could
still respond to IFN-v produced via MHC Class Il antigen presentation pathway-independent
mechanisms), versus the downstream effects of IFN-v (where the fibroblasts would, in theory,
not be able to respond to IFN-v and therefore not be able to upregulate MHC Class Il as
well). In this scenario, the fibroblasts would only be able to respond to cytokines other than
IFN-~ and ought to show a high degree of HCMV entry and progression to |IE and late CMV
gene expression, although there are other intrinsic cellular defences, such as IFN-independent

ISG expression (reviewed in [27]), which could lead to a small degree of inhibition.
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7.2 Viral dissemination assay as a better tool to assess

HCMV-specific responses in transplant patients

In the final results chapter of this thesis, | have used the viral dissemination assay to assess
the responses of PBMCs, CD4" T cells, CD8" T cells, and NK cells from kidney and liver
transplant patients, and shown that this assay may provide a more comprehensive assessment
of the immune response to HCMV than previously commonly used methods in such patient

t™ assay, flow

groups, such as IFN-v T cell responses measured by EliSpor or FluoroSpo
cytometry monitoring by MHC multimers, peptide-pulsed intracellular staining, or the clinically
available CMV QuantiFERON™ system. A recent publication from our group has introduced
the use of this viral dissemination assay as a more detailed means of evaluating CMV-specific
cell-mediated immunity in transplant recipients [241]. | have also compared the responses
from these patients to those from healthy adults, and shown that, during periods of viraemia,
patients frequently have responses similar to or worse than those from HCMV-seronegative
adults (which one would expect to have some innate responses but no CMV-specific T cells),

regardless of their HCMV serostatus.

These results appeared to show some potential for the use of this assay in research settings,
but more patient samples, specifically patients who experienced episodes of CMV reactivation
and disease, would be needed. In addition, only kidney and liver transplant patients were
included in this study. Given that, out of all solid organ transplants, kidney transplant recipients
face the lowest risk of reactivation of CMV, it would have been ideal to include other types of
transplant recipients as well, such as lung and heart transplant recipients and haematopoietic
stem cell transplant recipients, although | do note that lung and heart transplants are carried

out on a less frequent basis than liver and kidney transplants.

From the data available, it appears that the reasons for why some patients experience
viraemic episodes despite the presence of CMV-specific T cells while others do not are likely
to be complex and multi-factorial. One possible reason is that there are multiple viral strains
during the episodes of viraemia, and the CMV-specific immunity in those patients did not
recognise epitopes from all strains. There is also the argument that these patients were under
immunosuppression when the viraemic episodes occurred, although all patients were treated
with a standard regimen, so it is unclear why some patients are more likely to experience
reactivation than others. Overall, however, the observations that: (1) it was not a single
immune cell population that was consistently deficient in control; but yet (2) PBMCs from
viraemic episodes almost always showed poor control, would suggest that it would be an
interruption of the interplay between these immune cell subsets that led to an overall loss of

control and the resultant viraemia.
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Challenges as a result of the COVID-19 pandemic

The COVID-19 pandemic led to a 6-month suspension of collection of skin biopsy and
blood samples from the transplant patients. This led to a subsequent delay in processing and
running the samples, and also fewer patient samples available for study. This was particularly
an issue with viraemic patients, as there were fewer than expected episodes of viraemia. In
addition, under University and NHS Hospitals guidelines, there was much reduced capacity in
the laboratories and stricter guidelines regarding hospital visits from non-essential staff, leading

to difficulties in obtaining blood samples from healthy volunteers for repeat experiments.
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Appendices

A Characteristics of healthy donors

HCMV

Donor Gender Age
serostatus

AQUARIA 02 Female 31 Positive
AQUARIA 03 Female 32 Positive
AQUARIA 04 Female 39 Positive
AQUARIA 06 Female 68 Positive
AQUARIA 07  Male 74 Negative
AQUARIA 08 Male 71 Positive
AQUARIA 09 Female 75 Positive
AQUARIA 10 Female 39 Positive
AQUARIA 11 Female 76 Negative
AQUARIA 12 Female 41 Negative
AQUARIA 13 Male 40 Negative
AQUARIA 14 Female 73 Positive
AQUARIA 16 Male 41 Negative
AQUARIA 17 Male 75 Negative
AQUARIA 18 Female 76 Negative
AQUARIA 19 Female 76 Negative
AQUARIA 20 Male 36 Negative
AQUARIA 21 Female 74 Positive
AQUARIA 22  Female 76 Positive
AQUARIA 23  Female 39 Negative
AQUARIA 24 Female 74 Positive
AQUARIA 25 Female 39 Positive
AQUARIA 26 Male 38 Positive

Table A: Characteristics of healthy donors
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(B) Seronegative donors, PBMCs

AQ12, PBMC
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<.
©
%
o
£.
S,
<,
%0
Z,
‘o
<.
5\
o =3 o =3 o
(=3 w0 =] w0
] 2 2

(pesijewou) ,d49, Aueyow %
10
(pesijewiou) d49 Ausygw %

o o o o o
=3 B =] ©n

& - S
(pasjjeuniou)  d49, Ayow %
1o
(pesijewiou) dd49, Ausygw %

<,
S
<,
.
“o
)
“a
)
£
&
<.
%
L & £ < o
s 8 8 8
] & 2

(pasijewsou) 449, Ausyow %
10
(pasijewou) .44, Auayow %

E:T Ratios

E:T Ratios

E:T Ratios

AQ16, PBMC

AQ15, PBMC

AQ13, PBMC

z,
K
z,
Yo
<,
en«..«
“o
(4
“a.
4
“,
L
(=3 o =3 o =] o
=3 n =] w0
S - s
(pasijewou) ,d49 Aueyow %
10
(posijewnou) d49 Ausyow %
L.
Kl
“.
&
Z.
ﬁ.nvw
%o
(4
“a.
o
5,
o
o 2 o 2 )
= n =] w0
< < 2
(pasijeusiou) ,d49,Auayow %
10
(pasijewlou) d49, Auuayow %
£
K
<,
S
z,
.
z,
s,
z,
b,
%
o o ° o °
o wn =] w0

S < °
(pasijewiou)  d49 Aueyow %
10
(pesijewiou) d49, Ausyow %

E:T Ratios

E:T Ratios

E:T Ratios

%
<.
%) ®
=
g <
.
< &
g
<.
s %,
o
%
(4
“a.
4
o o o ) °
o n o wn
< < 2
(pasijewiou)  d49 Aueyow %
10
(pesijewou) d49 Ausyow %
“
2
%o
o (4
2 "
o 4
~
= z,
<] 8.
< “o
“s,
%
.\.wew
o o ° o °
o 0 o wn
< < 2
(pasiewiou)  d49 Aueyow %
10

(pesijewou) d49, Ausyow %

E:T Ratios

E:T Ratios

B mCherry*GFP*

B mCherry"GFP"

tion assays performed on PBMCs from

Issemina

idual results of viral di

v

Ind

healthy donors

Figure B
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C Post-separation purities of CD4%1 cells from healthy

donors
Live cells CD3* CD4+*
Donor
(%) (% of Live cells) (% of CD3* cells)

AQUARIA 02 95.1 99.7 99.5
AQUARIA 03 91.8 91.2 95.4
AQUARIA 04 94.2 90.8 99.7
AQUARIA 06 99.9 99.1 941
AQUARIA 07 92.5 99.5 99.5
AQUARIA 08 100 99.9 98.7
AQUARIA 09 100 97.5 85.8
AQUARIA 10 87.5 97.4 96.8
AQUARIA 11 99.7 93.9 95.9
AQUARIA 12 100 99.6 97.3
AQUARIA 13 90.3 97.5 97

AQUARIA 14 90.4 97.9 98.8
AQUARIA 16 100 99.3 92.6
AQUARIA 17 90.8 97.2 98.6
AQUARIA 18 100 99.5 97.8
AQUARIA 19 99.9 98.4 89.3
AQUARIA 20 95.5 99.3 990.6
AQUARIA 21 100 98.9 95.7
AQUARIA 22 99.9 98.7 89.7
AQUARIA 23 100 99.3 91.1
AQUARIA 24 100 98.2 97.1
AQUARIA 25 100 99.5 97.6
AQUARIA 26 100 99.5 97.1

Table C: Post-separation purities of CD41 T cells from healthy donors
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(B) Seronegative donors, CD4™ cells

AQ12, CD4

AQ11, CD4
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E Post-separation purities of CD8™ T cells from healthy

donors
Live cells CD3* CD8*
Donor
(%) (% of Live cells) (% of CD3* cells)

AQUARIA 02 98.5 94.7 90.2
AQUARIA 03 99.2 96.7 93.7
AQUARIA 04 30.2 76.9
AQUARIA 05 38.1 78.6 88.9
AQUARIA 06 96.2 92.4 86.6
AQUARIA 07 89.2 88.1 88.3
AQUARIA 08 98.1 51.1 98.5
AQUARIA 09 96.3 71.3 99.4
AQUARIA 11 92.4 89.5 80.8
AQUARIA 12 98.7 94.1 60.5
AQUARIA 13 99.5 90.8 59.7
AQUARIA 14 96.4 93.2 88.5
AQUARIA 15 96.6 92.3 94.6
AQUARIA 16 95.9 95.7 90.3

Table E: Post-separation purities of CD8*1 T cells from healthy donors
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(B) Seronegative donors, CD8" T cells
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G Post-separation purities of NK cells from healthy donors

Donor Live cells CD3 CD564m CD56"ieht
(%) (% of Live cells) (% of CD3 cells) (% of CD3 cells)
AQUARIA 02 98.5 95 73.29 15.25
AQUARIA 03 99.2 97.6 95.37 2.28
AQUARIA 04 78.8 92,5 69.33 25.84
AQUARIA 05 87.8 99.5 86.47 2.62
AQUARIA 06 80.3 97 80.91 18.01
AQUARIA 07 89.4 99.9 96.54 1.51
AQUARIA 08 94.9 99.4 89.27 4.3
AQUARIA 09 95.7 99.9 92.86 3.03
AQUARIA 11 94.8 100 82.7 0.2
AQUARIA 12 98.5 99.7 97.1 1.5
AQUARIA 13 93.2 98.9 08.8 0.2
AQUARIA 14 90.8 99.7 90.28 1.74
AQUARIA 15 86.6 99.3 82.95 9.95
AQUARIA 16 96.9 99.5 73.1 2

Table G: Post-separation purities of NK cells from healthy donors
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(B) Seronegative donors, NK cells
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| Post-separation purity of cell populations used in Figs.5.10B
& 5.10C

Cells selected with Cells selected with
PBMCs CD4 MicroBeads CD4+ T cell Isolation Kit
O &) )
§ 173
3 3 3
7| -
B¢ ﬁ L Cells ? Cells
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Figure |: Post-separation purity of cell populations used in Figs.5.10B & 5.10C

Cells were stained with Live/Dead FarRed, CD3-FITC, CD4-PE and CD8-PerCP-Cy5.5. Left
column shows PBMCs, middle column shows purities of cells isolated by positive selection on
MACS with CD4 MicroBeads, right column shows cells isolated by depletion on MACS with CD4*
T cell Isolation Kit. Last row shows CD4 and CD8 stains on the CD3™ and CD3™ cells from each
population.

343



J Characteristics of individual transplant recipients

] Organ Donor Recipient
Patient
transplanted CMYV serostatus CMV serostatus

R01-037 Kidney Dt R
R01-079 Liver Dt R
R01-081 Liver Dt R
R02-005 Liver D+t R*
R02-011 Liver Dt R*
R02-015 Liver D R*
R02-058 Kidney Dt R*
R02-079 Kidney Dt R*
R02-109 Kidney D+t R*
R02-125 Kidney D+t R*
R02-129 Liver Dt R*
R02-171 Liver Dt R*
R02-174 Liver D R*
R02-184 Kidney D+t R*
R02-185 Kidney Dt R*

Table J: Characteristics of individual transplant recipients
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K

Individual results of viral dissemination assays performed

on PBMCs from transplant recipients
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Figure K: Individual results of viral dissemination assays performed on PBMCs from

transplant recipients

T1 = Timepoint 1; T2 = Timepoint 2; T3 = Timepoint 3; T4 = Timepoint 4; T5 = Timepoint 5;
T6 = Timepoint 6. Number of days pre- or post-transplant that sample was taken from is given in
brackets in legend of each graph. Error bars represent SD of triplicate wells.
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L Post-separation purities of CD4™" cells from transplant

recipients
. . Live cells CD3* CD4+*
Donor Timepoint
(%) (% of Live cells) (% of CD3%)
1 97.7 97.8 95
2 97 99 99
ROL.079 3 99.3 99.6 99.6
4 91.9 93.1 96.4
5 67.5 98.5 94.3
6 96.4 98.9 97.4
1 90.1 97.9 96.6
R01-081 2 814 98.3 96.9
3 13.2 91 33.1
1 98.2 95.2 96.2
R02-011 2 96.3 99.5 99.2
3 94.3 97.8 98.4
1 82.9 98 91.7
R02-125 2 96.6 98.2 73.8
3 94.6 99.4 96.5
1 94.2 99.5 98.9
R02-129 2 91 99.1 98.1
3 96.8 98.8 86.5
1 94.7 97.6 99.4
R02-171 2 93.9 97.2 96.6
3 954 99.3 99.3
1 94 97.6 96.6
R01-037 2 96.9 99.3 98.5
3 89.9 98.1 98.4
1
R02-015 2
3 92.6 99.2 99.3
1 99.9 97.7 95.1
R02-174 2 97.3 97.9 96.4
3 99.6 98.2 98.4
1 82.6 81.2 96.4
R02-079 2 75.9 98.3 88.5
3 87.4 90.8 77.6
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Table L continued from previous page

. . Live cells CD3* CD4+
Donor Timepoint
(%) (% of Live cells) (% of CD3%)

1 93.7 99 99
R02-109 2 92.1 97.4 82.9

3 84.1 95.5 81.4

1 87.6 96.8 98.6
R02-184 2 75.9 949 97

3 82.5 97.5 98.5

1 78.3 96.5 96
R02-185 2 73.5 98.3 97.7

3 40.6 97.4 93.3

Table L: Post-separation purities of CD4™ cells from transplant recipients
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M Individual results of viral dissemination assays per-

formed on CD4™ cells from transplant recipients

(A) DR Viraemic

R01-079, CD4, IE
200

-
o
o

% mCherry*GFP"
(normalised)
E

50
0
N NN NN
RN RN S
E:T Ratios
R01-081, CD4, IE
200

% mCherry*GFP~
(normalised)
s Z

(%)
o

E:T Ratios

352

R01-079, CD4, Late

250
mm T1(-11 days)
Bl T2 (+29days) h 200
B T3 (+57 days) +0:“5§ 150
Bl T4 (+78 days) gﬁ
= T5(+113days) & £ 100
T6 (+183days) E <
( ys) < 50
0
N N N N KN
Q»f’ PN '\qf-’ PN
E:T Ratios
R01-081, CD4, Late
mm T1(+22 days) 300
B T2 (+64days) hH
L
B T3 (+85 days) gg 200
Hl T4 (+106 days) %ﬁ
= T5(+111days) & £
£ £ 100
bl L
0 I' I IL = 1 ‘ T
N N N N N
ng’ IR ¢ .\‘Jf’ W
E:T Ratios
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(C) D*R" Non-viraemic
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Figure M: Individual results of viral dissemination assays performed on CD4* cells from

transplant recipients
T1 = Timepoint 1; T2 = Timepoint 2; T3 = Timepoint 3; T4 = Timepoint 4; T5 = Timepoint 5;
T6 = Timepoint 6. Number of days pre- or post-transplant that sample was taken from is given in
brackets in legend of each graph. Error bars represent SD of triplicate wells.
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N Post-separation purities of CD8% T cells from trans-

plant recipients

. . Live cells CD3* CD8*
Donor Timepoint
(%) (% of Live cells) (% of CD3%)
1 98.2 88.6 59.7
2 99.2 88.7 89.7
RO1.079 3 99.6 91.2 80
4 95.3 91.9 80.1
5 59.1 85 58
6 91.8 96.7 89.1
1 T74.7 76.3 81.6
R01-081 2 71.8 90 89.4
3
1 74.8 67.3 73.1
R02-011 2 85 78.8 74.3
3 65.6 78.6 69.8
1 70.4 72.6 58.4
R02-125 2 96.6 92.6 11.3
3 87.5 94.2 73.9
1 92.1 88.5 71.4
R02-129 2 82.5 79.1 61.7
3 85.4 70.2 4.4
1 83.6 89.4 78.8
R02-171 2 83.7 81.2 78.5
3 89.6 91.6 85.3
1 96.6 95.3 95.4
R01-037 2 96.4 92.9 95.4
3 93.6 98.2 97.2
1
RO2-015 5 85.4 81.9 97.9
3 91.4 97 92.4
1 97.4 72.2 80.5
R02-174 2 90.3 76.4 78.9
3 94.1 81.6 83.5
1 94.5 97.7
R02-079 2 90.2 97.8
3 89.8 99.1
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Table N continued from previous page

. . Live cells CD3t CD8t
Donor Timepoint
(%) (% of Live cells) (% of CD3%)
1 91.6 99.4
R02-109 2 943 93.8
3 94.2 94.2
1 88.2 84.1 99.3
R02-184 2 80.5 85.3 99.1
3 89.3 86.2 98.9
1 42 77 72.7
R02-185 2 55.3 91.2 85
3 39.3 93.1 84.5
1 22 92
R02-005 2 27.5 90.5
3 19.1 90.9

Table N: Post-separation purities of CD8% T cells from transplant recipients
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O Individual results of viral dissemination assays per-

formed on CD8™ T cells from transplant recipients
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(C) DR Non-viraemic
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Figure O: Individual results of viral dissemination assays performed on CD8* T cells from

transplant recipients

T1 = Timepoint 1; T2 = Timepoint 2; T3 = Timepoint 3; T4 = Timepoint 4; T5 = Timepoint 5;
T6 = Timepoint 6. Number of days pre- or post-transplant that sample was taken from is given in
brackets in legend of each graph. Error bars represent SD of triplicate wells.
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P Post-separation purities of NK cells from transplant

recipients

Live cells CD3 CD569m CD56"right

Donor Timepoint
(%) (% of Live cells) (% of CD3") (% of CD3)

1 98.2 99.7 33.2 66.4
2 98.9 99.8 17.7 82
RO1.079 3 98.4 99.8 87 89.4
4 86.8 85.1 53.6 35.4
5 81.7 85 01.2 21.2
6 90.2 95.9 30.6 36
1 87 98.5 97.3 25
R01-081 2 71 92.4 92.4 50
3
1 99.1 97.4 66.4 24.1
R02-011 2 99.7 98.7 61.9 26.5
3 99.5 91.6 7.2 2.4
1 92.6 100 75.8 16.6
R02-125 2 96.1 100 45.1 0.3
3 88.8 97.5 56.8 2.8
1 96.6 96.9 82.1 10
R02-129 2 91.9 96.7 84.8 2.3
3 95.9 99.7 63.4 0.1
1 88.9 99.2 39.7 47.4
R02-171 2 83.1 99.7 31.9 38.1
3 85.6 99.8 44.8 48.3
1 99.1 94.4 89.7 8.4
R01-037 2 98.5 92.5 76.2 21.2
3 99.4 95.1 74.2 25.2
1 73.6 98.8 67.1 19.4
R02-015 2
3 87.8 95.8 58.7 5.2
1 88.2 99.4 42.7 0.1
R02-174 2 80.2 98.8 48.7 2.1
3 88.6 99.6 40.5 6.5
1* 60.3 45.1 97.3 0
R02-079 2% 57.9 89.1 95.9 4.08
3
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Table P continued from previous page

. ) Live cells CD3 CD564m CD56"isht
Donor Timepoint
(%) (% of Live cells) (% of CD3) (% of CD3")

1 94.8 67.3 54.8 24.1

R02-109 2 93.8 99.7 63.9 35.8
3 92.2 56.8 53.7 19.7
1

R02-184 2 76 97.1 91.5 491
3 77.4 99.1 95.4 2.17
1 84.6 98.6 74.1 19.4

R02-185 2 85.9 98.1 53.4 41.5
3 86.8 98.7 42.8 50.6

Table P: Post-separation purities of NK cells from transplant recipients
*Very few cells in sample
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Q Individual results of viral dissemination assays per-

formed on NK cells from transplant recipients
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Figure Q: Individual results of viral dissemination assays performed on NK cells from

transplant recipients

T1 = Timepoint 1; T2 = Timepoint 2; T3 = Timepoint 3; T4 = Timepoint 4; T5 = Timepoint 5;
T6 = Timepoint 6. Number of days pre- or post-transplant that sample was taken from is given in
brackets in legend of each graph. Error bars represent SD of triplicate wells.
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