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Abstract

Human Cytomegalovirus (HCMV) cell entry into fibroblasts is initiated by binding of the tri-
meric glycoprotein complex gH/gL/gO to the host cells platelet-derived growth factor receptor
alpha (PDGFRa). Despite their important role in the prevention of viral spread, little is known
about the humoral immune response in form of serum antibodies particularly inhibiting this
interaction and their capability to provide strain overlapping immunity in regard to the poly-
morphic gO subunit. To approach this matter, we aimed for the expression and purification of
soluble trimeric complex, utilizing the gO1c (TB40/E) and gO4 (Towne) variants, and the de-
velopment of a receptor-binding assay, to detect such inhibitory antibodies as well as deter-
mine their emergence after primary infection. In contrast to the expression of trimeric
gH/gL/gO utilizing the gO4 subunit, the co-expression with the gO1c¢ subunit led to low pro-
tein yield, implicating a subtle expression mechanism with dependence on the gO genotypes
and maybe other cofactors. Serum analysis exhibited that high IgG titer HCMV seropositive
individuals and Cytotect®CP, a hyperimmunoglobulin preparation, inhibit receptor-binding in
a dose-dependent manner. The comparison between HCMV seropositive individuals with
different IgG avidity and a follow-up on IgG avidity maturation within individual patients re-
vealed that inhibitory antibodies were only present upon high IgG avidity. Our current data
indicates that trimer-specific IgG serum antibodies blocking PDGFRa receptor binding are

indeed generated after primary infection but emerge late during IgG avidity maturation.

Human Cytomegalovirus; Envelope glycoprotein complex; Platelet-derived growth factor re-
ceptor alpha; Humoral immune response; IgG avidity; Protein purification; Enzyme-linked

immunosorbent assay;
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1 Introduction

1.1 The Human Cytomegalovirus

The Herpesviridae describe a large family of double-stranded DNA viruses that are distin-
guished into the three subfamilies of alpha-, beta- and gamma-herpesviruses. Among these,
the most famous members in reference to human pathogens are the Herpes simplex virus 1,
Herpes Simplex virus 2, Varicella Zoster virus, Epstein-Barr virus, Cytomegalovirus, Roseol-
ovirus and Kaposi’s Sarcoma-associated herpes virus, which cause cutaneous lesions and
potentially cancer. (Roizman, Knipe and Whitley, 2001; Herbein, 2022) The Genus Cyto-
megalovirus (CMV) belongs to the subfamily of the beta herpesviruses and mainly refers to
the Human Cytomegalovirus (HCMV), also described as human herpes virus 5 (HHV-5), due
to its adaption to the human host. Following a primary infection, the active immune response
in combination with viral immune evasion leads to the development of a latent infection state,
during which the virus persists within restricted sites of the body and potentially reactivates.
Due to the genetic variability of certain gene loci within the HCMV genome, re-infection of
already infected individuals with a different strain is possible. Resulting mixed infections with
multiple strains provide opportunities for viral recombination leading to the generation of nov-
el strains with unpredictable pathogenicity (Meyer-Konig et al., 1998; Puchhammer-Stockl et
al., 2006; Sijmons et al., 2015).

1.2 Prevalence and Risk of Infection

First isolated in 1956, HCMV is yet known to be an ubiquitous pathogen with a global esti-
mated IgG seroprevalence of 83% across the general population. Thereby, the prevalence
significantly differs between developing and developed countries, showing values up to 90%
or higher in the Eastern Mediterranean, Africa, Asia and South America. (Zuhair et al., 2019)
Intraregional, the socioeconomic status, educational level and the ethnicity have a major im-
pact on the seroprevalence of the residential populations. (Krech, 1973; Cannon, Schmid
and Hyde, 2010; Fowler et al., 2022) Generally, the HCMV IgG seroprevalence is observed
to increase with age, as approximately a third of all children born in the USA are already in-
fected by the age of 5 years and over 50% of adults past the age of 40 are infected accord-
ing to the Centers for Disease Control and Prevention (CDC). (CDC., 2023) (Cannon,
Schmid and Hyde, 2010; Fowler et al., 2022) Upon an active infection, HCMV is shed
through most body fluids, providing for several transmission pathways upon close and inti-
mate contact. (CDC., 2023) In developing countries HCMV infections are usually acquired

early in life, due to breastfeeding and crowded living conditions. Children up to 5 years of age



are a primary reservoir for the virus, which they shed primarily through their saliva and urine,
infecting other children, childcare workers, parents, and grandparents. (Adler, 1991; Cannon,
Hyde and Schmid, 2011; van Zuylen et al., 2017; Kabani et al., 2023) From the early adoles-
cence, kissing and sexual contact provide further ways for viral transmission. (Sohn et al.,
1991; Fowler and Pass, 2006; Staras et al., 2008)

After infection of naive, immunocompetent individuals, HCMV infection usually proceeds
asymptomatically and thus remains undetected. However, in some cases infection takes up
an incubation period of three to twelve weeks, causing mononucleosis-like illness and indi-
rect long-term effects that are yet not fully understood. (Griffiths, 2020) Groups that are ma-
jorly affected by HCMV infections are congenitally infected infants and immunocompromised
individuals, like transplant patients or people suffering from HIV infection. Although the num-
bers are likely underestimated, HCMV still represents the most frequently detected congeni-
tal infection with a worldwide live birth prevalence of 0.6% in developed countries and up to
5% in developing countries. Out of all congenitally infected children born, only 10% show
symptoms at birth and thus leave the majority of the infections undetected and untreated.
(Dollard, Grosse and Ross, 2007; Fowler and Boppana, 2018) Congenital HCMV infection
can cause long-term cognitive and developmental impairments, most commonly sensorineu-
ral hearing loss, and is also associated with an increased mortality rate in infants. (Boppana
et al., 1992; Fowler and Boppana, 2006; Kenneson and Cannon, 2007) Since women of
childbearing age show a global average seroprevalence of 86%, the increased awareness
regarding vertical HCMV transmission is a major concern. (Cannon, Schmid and Hyde, 2010;
Zuhair et al., 2019)

For individuals with compromised immunity HCMV proposes a major threat as opportunistic
pathogen. The lack of immunosurveillance allows for uncontrolled lytic replication of the vi-
rus, leading to high viremia which again causes end organ disease (EOD) in form of retinitis,
pneumonitis, hepatitis, gastrointestinal ulceration, nephritis or pancreatitis, depending on the
affected tissue. (Griffiths, 2020) Particularly recipients of solid organ or hematopoietic stem
cell transplants (SOT/SCT), are at lethal risk of graft-versus-host disease, due to reactivation
of persistent HCMV infections, reinfection with a donor-derived strain and hence mixed infec-
tions. (Lamberson and Dock, 1992; Bowden, 1995; Contreras and Ho, 2022) Especially lung
transplants are major contributors for mixed HCMV infections derived from the donor allo-
graft. (Kilekci et al., 2022) The latest update on the HCMV-specific IgG seroprevalence
showed that about 86% of blood and organ donors around the globe have antibodies and

thus can potentially transmit the virus. (Zuhair et al., 2019)



1.3 Virion structure

HCMV shows the typical features of the Herpesvirus structure and represents the largest
member of the herpesvirus family with approximately 200 nm in diameter. The fully functional
virus particle adopts the architecture of a sphere, containing the viral genome within the nu-
cleocapsid, which again is coated by the tegument layer and the viral envelope (Figure 1).
(Murphy and Shenk, 2008)

With 235 kilobases in size, HCMV carries one of largest genomes among human-related
viruses and the largest genome within the family of the Herpesviridae. It consists of a linear
double-stranded desoxyribonucleic acid (DNA) molecule resembling the architecture of a
type E structured genome, consisting of two unique domains, being referred as the unique
long (UL) and the unique short (US) domain. According to the genome structure, the HCMV
gene nomenclature is referred to the position of the gene loci in the respective domain, for
example UL74. Each of the domains is flanked by one inverted repeat sequence at the ter-
minal end (TR./ TRs) and the intersectional end (IR./ IRs) between the domains. Due to pos-
sible recombination events between the repetitive regions, the genome can be found as an
equimolar mix of four different isomeric forms, which differ in the orientation of the unique
long and unique short domains, respectively. (Weststrate, Geelen and Van Der Noordaa,
1980; Roizman et al., 1981) The coding capacity of the HCMV genome is estimated between
164 — 192 unique open reading frames (ORFs), but remains elusive because of the genomic
alterations among different HCMV strains. (Davison et al., 2003; Murphy et al., 2003; Dolan
et al., 2004; Sijmons, Van Ranst and Maes, 2014)

The genome is densely packed within an icosahedral nucleocapsid (T=16) built out of 162
capsomers, which again assemble from pentameric, hexameric and triplex structures formed
by the major capsid proteins. (Zhou et al., 2000; Yuan et al., 2018) It serves the transport
and protection of the viral DNA during cell entry and egress from the nucleus. (Newcomb et
al., 1996)

The tegument layer consists of an inner and outer sub-compartment that surround and fill the
space between the nucleocapsid and the viral envelope. It contains structural and non-
structural regulatory proteins that facilitate capsid stabilization, immune evasion, protein
transport, control of the host cell metabolism as well as the viral gene expression, egress
and virion assembly. (Chen et al., 1999; Yu et al., 2011) Although tegument proteins make
up about 50% of the virion-associated proteome and play an important functional role across
the viral replication cycle, most of them remain poorly characterized in their function and
structure. (Roby and Gibson, 1986; Baldick and Shenk, 1996; Varnum et al., 2004; Yu et al.,
2011; Bogdanow et al., 2023)



The outer layer of the virion is the viral envelope, which is formed by a lipid bilayer derived
from the cellular membrane system of the Golgi apparatus. Embedded within the viral enve-
lope are several glycoprotein-complexes that interact with cell-associated components and
receptors to facilitate the entry into several host cells (Figure 1). The best-known compo-
nents of the complexes in the viral envelope are the glycoproteins gM (UL100), gN (UL73),
gB (UL55), gH (UL75), gL (UL115), gO (UL74), gpUL128, gpUL130 and gpUL131A. These
combine in different manners to build the gM/gN, the gB, the trimeric gH/gL/gO and the pen-
tameric gH/gL/UL128-UL131A glycoprotein complexes. (Kari et al., 1990; Kaye, Gompels
and Minson, 1992; Li, Nelson and Britt, 1997; Mach et al., 2000; Ryckman et al., 2008)
Thereby, gM and gB are shown to be the most abundant glycoproteins within the envelope.
(Varnum et al., 2004) The abundance of the trimeric and pentameric gH/gL-complexes differs
between the different HCMV strains, which is shown to have an impact on the HCMV cell

tropism and spread patterns. (Zhou et al., 2013; Zhang et al., 2018; Fornara et al., 2023)

Structural features Glycoprotein complexes

Envelope o —— B
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Figure 1: HCMV virion structure. Simplified illustration of a HCMV virus particle highlighting the
structural features (left) and the HCMV-related glycoprotein complexes gM/gN, gB, gH/gL/gO and
gH/gL/UL128-131 embedded within the viral envelope (right).



1.4 Lytic replication and viral spread

Upon infection, HCMV enters the body through the mucosal epithelium of the mouth, nose or
genitalia. From there the virus infects specific target cells in order to amplify through lytic rep-
lication or disseminate throughout different tissues and organs upon latent infection. (Crough
and Khanna, 2009). The viral life cycle describes the active replication and generation of viral
progeny upon lytic infection of a permissive cell and involves the stages of cell entry, genome
replication, virion assembly and the egress. Each structural component of the virus thereby

plays its own essential role during this process.

141 Cell entry

Although the core entry machinery, consisting of the glycoproteins gH, gL and gB, is con-
served among herpesviruses, HCMV cell entry is a highly complex mechanism that is yet not
completely resolved. (Sathiyamoorthy et al., 2017) Additionally to the core machinery, differ-
ent herpes viruses have developed individual accessory glycoproteins and thus evolved a
specific cell tropism. In the case of HCMV, the glycoproteins gO and UL128/UL130/UL131A
represent the extending subunits to the gH/gL heterodimeric core complex. (Ciferri,
Chandramouli, Donnarumma, et al., 2015)

The initial attachment between the virus and the target cell is created by the gM/gN complex,
which binds to heparin-like structures on the cell surface. (Kari and Gehrz, 1992, 1993; Mach
et al., 2005) In the next step, receptor binding is mediated by either the pentameric
gH/gL/UL128-131A or the trimeric gH/gL/gO complex. Through their specificity to different
cell receptors, they enable the infection of different cell types (Figure 2). (Liu et al., 2018;
Nguyen and Kamil, 2018) The pH-dependent pathway is triggered by binding of the pen-
tameric gH/gL/UL128-131A complex to neuropilin-2 receptor protein (Nrp2). (Martinez-Martin
et al., 2018) This pathway leads to the endosomal uptake of the receptor-bound virion and is
needed for entry into epithelial cells, endothelial cells and myeloid cells. (Ryckman et al.,
2006; Ryckman, Chase and Johnson, 2008; Nogalski et al., 2013; Liu et al., 2018) Upon
binding of the trimeric gH/gL/gO complex to the platelet-derived growth factor receptor alpha
(PDGFRa), the pH-independent pathway gets activated, promoting the direct entry at the cell
surface either via membrane fusion or a form of rapid macropinocytosis. (Compton,
Nepomuceno and Nowlin, 1992; Hetzenecker, Helenius and Krzyzaniak, 2016; Kabanova et
al., 2016; Wu et al., 2017) Although this specific interaction in particular is sufficient for the
entry into fibroblasts and dendritic cells (Langerhans cells), it has already been shown that
the trimeric complex is also required for the infection of epithelial and endothelial cells, impli-

cating a co-dependent function of the pentameric and trimeric complex for those cell types.



(Wille et al., 2010; Lauron et al., 2014; Stegmann et al., 2017; Liu et al., 2018) The trimer-
associated receptor repertoire has further been demonstrated to include the transforming
growth factor beta receptor 3 (TGFRR3). (Martinez-Martin et al., 2018) Both, PDGFRa and
TGFRRS3 bind the trimeric complex with affinity and in a mutually exclusive manner, indicating
them as independent entry receptors. (Kschonsak et al., 2021) In consideration to this, it is
not completely clear which entry receptor the trimeric gH/gL/gO complex uses for the entry of
epithelial and endothelial cells. Apart from the described permissive cell types, the panel of
HCMV further includes smooth muscle cells and also CD34+ bone marrow cells.
(Maciejewski et al., 1992; Sinzger et al., 1995; Von Laer et al., 1995; Haspot et al., 2012)
After receptor binding, membrane fusion is mediated by the gB complex, a viral class I
fusogen. The complex undergoes an irreversible transition from its metastable pre-fusion to a
stable post-fusion state, upon which the viral and cellular membrane systems are pulled to-
gether until they merge. (Wille et al., 2013) While the structural mechanisms are largely un-
derstood, the trigger for the conformational change remains unclear. (Y. Liu et al., 2021) Sim-
ilar to the HSV-1/2 and EBV models, it is speculated that interaction with the gH/gL-
complexes, as well as the pH change within the endosome, suffice to activate the conforma-
tional change that leads to membrane fusion. (Ryckman et al., 2006; Patrone et al., 2007;
Chowdary et al., 2010; Stampfer and Heldwein, 2013; Nicola, 2016; Vanarsdall et al., 2016)
In 2015, Zhou et al. reconstituted the infectivity of virions rich on pentameric gH/gL/UL128-
131A, but poor on trimeric gH/gL/gO, by the use of a chemical fusogen and argued that the
gB-mediated membrane fusion is likely to be triggered by distinct mechanisms throughout
the entry pathways mediated by the different gH/gL-complexes. (Zhou, Lanchy and
Ryckman, 2015)
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Figure 2: HCMV cell entry pathways. Simplified illustration of the HCMV cell entry mediated by the
pH-independent or pH-dependent pathway, which in turn are activated by binding of the trimeric
gH/gL/qO (left) and pentameric gH/gL/UL128-131A complexes (right), respectively.

1.4.2 Genome replication, virion assembly and egress

Upon membrane fusion, the nucleocapsid and the tegument layer are released into the cyto-
plasm. Since most tegument proteins have not been characterized yet, the total extent of
their functions remains elusive. Nevertheless, some of them are known to promote capsid
transportation, DNA release, viral gene expression, immune evasion and in the end also the
egress of formed nucleocapsids and virion assembly. (Kalejta, 2008) The capsid-bound frac-
tion of tequment proteins hitchhikes the cellular microtubule network in order to transport the
capsid to the nucleus and later introduce the double-stranded DNA through a nuclear pore
complex. (Ogawa-Goto et al., 2003) Within the nucleus, an interplay of cellular and viral
regulatory proteins and transcription factors initiate a fine-tuned sequence of viral gene ex-
pression consisting of immediate early genes (IE/ 2 to 4 hours post infection), early genes (E/
up to 24 hours post infection) and late genes (L/ from 24 hours post infection). (Demarchi,
Schmidt and Kaplan, 1980) Within the nucleus, these gene cascades regulate viral protein
expression, genome replication and its integration into newly formed nucleocapsids. Upon
disruption of the nuclear lamina and formation of the nuclear egress complex, the assembled
capsids exit the nucleus and hitchhike the cellular secretory pathway. (Hamirally et al., 2009)
The capsids wander through the endoplasmic reticulum (ER) into the cytosol and then

through the virion assembly complex (VAC), formed by the Golgi apparatus and endosomal



vesicles. There they acquire the proteins of the tegument layer and the viral envelope, con-
taining the viral glycoprotein complexes. (Moorman et al., 2010) In the end, the infectious
particles, but also some non-infectious particles, so-called dense bodies lacking a nucle-
ocapsid and the viral DNA, are transported to the cell membrane and released into the extra-

cellular space. (Mettenleiter, 2002; Alwine, 2012)

1.4.3 Viral spread

Upon the release, viral particles can either spread in a cell-associated manner within the ini-
tial site of infection or also in a cell-free manner carrying the infection into other tissues and
organs. Fibroblast-adapted laboratory strains apparently change their spread pattern from
cell-associated to cell-free, whereas upon restoration of the RL13 and UL128 gene loci, the
cell-associated spread is re-established. This further implicates an associated function of the
trimeric gH/gL/gO and pentameric gH/gL/UL128-131 complex abundancies in the cell-free
and cell-associated spread dynamics, respectively. (Sinzger et al., 1999; Adler et al., 2006;
Stanton et al., 2010; Sampaio et al., 2016) Following this, the cell-free and cell-associated
spread patterns are shown to depend on the increased abundance of either trimeric
gH/gL/gO or pentameric gH/gL/UL128-131 complex, respectively. (Wille et al., 2010;
Lemmermann et al., 2015; Podlech et al., 2015; Murrell et al., 2017; Day et al., 2020)

Among the broad collective of permissive cells, the major cell types, including fibroblasts,
endothelial cells, epithelial cells and smooth muscle cell, are used as sites of active replica-
tion. (Plachter, Sinzger and Jahn, 1996) Apart from those, certain cell types infected by
HCMV cause the virus to undergo into persistent infection, serving as latent reservoirs that
allow for intra-host dissemination throughout different tissues. Although not definitely deter-
mined, cells permissive for persistent infections carry low loads of viral DNA and show only
limited viral gene expression. So far identified cell types of latency are CD34" bone marrow
cells, cells of the myeloid cell line like monocytes and probably also macrophages, immature
dendritic cells (iDCs) and endothelial cells. (Schrier, Nelson and Oldstone, 1985; Grefte et
al., 1993; Fish et al., 1996; Mendelson et al., 1996; Jarvis and Nelson, 2002a; Sénéchal et
al., 2004; Sinclair and Sissons, 2006) This allows for the evasion of the immune response,
the intra-host dissemination and multiorgan involvement upon acute infection and the inter-
host transmission through transplants and blood transfusion. (Plachter, Sinzger and Jahn,
1996) In contrast to active replication, it is suggested that the IE gene cascade is downregu-
lated during persistent infection and represses the replication cycle until external factors like
stress signals, inflammation or cell differentiation, reactivate viral gene expression and restart
the cycle. (Jarvis and Nelson, 2002b; Rozman et al., 2022)



1.5 Trimeric gH/gL/gO complex

Since the trimeric gH/gL/gO complex plays an essential role in the infection of multiple cell
types, there is a high interest to understand the structure and thus the mechanisms that rely
upon it, to exploit them for possible therapeutic approaches. It has already been shown that
the respective subunits of the trimeric complex are covalently linked to each other by disul-
fide bonds and can be detected via SDS-PAGE either as trimeric gH/gL/gO (>200 kDa) or
gH/gL-core complex (~130 kDa) in form of a single band and as monomeric gH (~100 kDa),
gL (~30 kDa), gO (~130 kDa) subunits in form of three bands upon reducing conditions
(Kaye, Gompels and Minson, 1992; Huber and Compton, 1997; Li, Nelson and Britt, 1997;

Ciferri, Chandramouli, Donnarumma, et al., 2015).

1.5.1 Structure and formation

Recently performed high resolution electron microscopy in combination with 3D-
reconstruction analysis of the gH/gL/gO trimer itself and as complex with PDGFRa has fur-
ther revealed the structure and the binding dynamics between the gL and gO subunits and
the PDGFRa cell receptor (Figure 3). (J. Liu et al., 2021; Kschonsak et al., 2021) The trimeric
complex exhibits a boot-like architecture with the subunits arranged in a linear order and
connected through disulfide bonds between highly conserved cysteine residues. The gH
subunit contains a single-spanning transmembrane helix at the C-terminus that anchors the
complex within the viral membrane. Upon binding of gH C-95 and gL C-47, the dimeric
gH/gL-core complex is formed. (Gonzalez-Del Pino and Heldwein, 2022) The highly con-
served gL C-144 further represents the connecting link for the pentamer-associated UL128
C-162 and the trimer-associated gO C-351 (strain Merlin). Notably, the gL C-144 residue can
serve as binding site for another gL C-144 and promote the formation of a homodimeric
gH/gL-complex (>200 kDa). (Ciferri, Chandramouli, Donnarumma, et al., 2015) Although the
gO variants exhibit high sequence variability, the gL-gO binding interface comprises certain
regions of high conservation, so that the formation of the trimeric complex is hardly affected.
(J. Liu et al., 2021) Comparison of the gH/gL-core structure between the trimeric or pen-
tameric state, shows no significant structural differences. However, the gO binding site co-
vers the gL surface in a crown-shaped manner (~2.400 A?) with the residues of the binding
interface adopting a loop-like structure, whereas upon binding of UL128-131 they form an
alpha-helix. (Kschonsak et al., 2021)

The elongated structure of the formed trimeric complex is flexible and contains multiple gly-
cosylation sites distributed among the subunits. Thereby, the gH and gL subunit with four

and one glycosylation sites, respectively, mainly carry N-linked glycans of the high mannose



form. (Bogner et al., 1992; Kaye, Gompels and Minson, 1992; Ciferri, Chandramouli,
Donnarumma, et al., 2015) The gO subunit on the other hand, with more than ten glycosyla-
tion sites, carries most of the posttranslational modifications within the trimeric complex, with
most of them being N-glycans of the high mannose form. These posttranslational modifica-
tions highly contribute to the size of the fully modified subunit, shifting the molecular weight of
the polypeptide backbone from 54 kDa to approximately 130 kDa. However, removal of the
N-linked glycans shifts the molecular weight of the gO subunit from 130 kDa down to only 60
kDa, indicating the presence of another posttranslational modification, most likely O-linked
glycans. (Li, Nelson and Britt, 1997; Huber and Compton, 1999; Bagdonaite et al., 2016)
Based on the type of posttranslational modifications on the respective subunits, Huber and
Compton were also able to generate a model of the formation and modification of the trimeric
complex. Due to the compartment-dependent sensitivity of high-mannose N-Glycans to Endo
H digestion, they concluded that during the formation of the trimeric complex, gH, gL and a
precursor form of gO (~100 kDa) already assemble within the ER. After further processing
within the Golgi Apparatus, Endo H sensitivity of the mature gO (~130 kDa) and also the gH
subunit strongly decreased, indicating the presence of complex, Endo H-resistant glycans
and a mature gH/gL/gO complex. (Huber and Compton, 1999)

The electrostatic surface charge analyzed by Kschonsak et al. corresponds to the presence
of 19 N-linked glycosylation sites on the trimeric complex, whereby the distribution of glyco-
sylated residues resembles enrichment at particular sites across the complex. Of those gly-
cosylation sites, 5 were detected on gH, a single one on gL and 13 on the gO subunit.
(Kschonsak et al., 2021)
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Figure 3: Electron-microscopic structure of the trimeric gH/gL/gO complex. Image from the
RCSB PDB (RCSB.org) of PDB ID 7LBF (Kschonsak et al., 2021) (A) Front view of HCMV gH/gL/gO
trimeric complex (shown in ribbon). (B) Front view of HCMV gH/gL/gO Trimer complex (shown in rib-
bon) bound to PDGFRa.

1.5.2 PDGFRa receptor binding

The trimeric complex binds selectively and with high affinity to PDGFRa. In 2019, Stegmann
et al. showed that the gO N-terminus provides the essential binding site required for receptor
binding. (Kabanova et al., 2016; Wu et al., 2017; Stegmann et al., 2019) The N-terminal R-
sheet domain and the C-terminal helical domain are linked by disulfide bonds between highly
conserved cysteine residues, which forms a socket-like architecture on the gO surface. De-
spite the low overall conservation of the gO amino acid sequence, especially in the N-
terminus, there are large unmodified areas within the surface of both domains that show high
conservation.

The extracellular domain of the PDGFRa receptor consists of five immunoglobulin-domain
segments (D1-D5), which are connected to an intracellular kinase domain through a single
transmembrane-domain (Lemmon and Schlessinger, 2010) Upon receptor binding, PDGFRa

wraps around the gO subunit of the trimeric gH/gL/gO complex. (J. Liu et al., 2021) Thereby
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PDGFRa Ig-domains D1 - D3 are the main contributors for binding, establishing four major
connections with conserved regions across the gO surface and the gH N-terminus. Two bind-
ing sites on the gO surface are represented by a hydrophobic groove on the N-terminal do-
main and the basic groove between the N- and C-terminal domain, interacting with residues
of PDGFRa D1 and D2. The other two binding sites comprise interactions between the gH N-
terminus with PDGFRa D1 and the gO subunit with PDGFRa D3. (J. Liu et al., 2021;
Kschonsak et al., 2021) Deletion of two heavily glycosylated loops distant to the gO binding
interface could not disrupt the ability of the trimeric complex to bind to PDGFRa, indicating
that the posttranslational modifications do not play a role in protein formation, protein folding
or receptor binding, but rather support immune evasion. (J. Liu et al., 2021) Further muta-
tional analysis led to a loss of PDGFRa binding, only if present within all four binding sites

simultaneously. (J. Liu et al., 2021; Kschonsak et al., 2021)

1.5.3 Polymorphisms and strain variability

Although the majority of the HCMV genome exhibits about 80 - 90% inter-strain sequence
similarity, individual gene loci contain polymorphic regions that lead to the distinction of pro-
tein variants and thus different HCMV strains. (Pignatelli et al., 2004) These strains are fur-
ther categorized into high-passaged laboratory strains (e.g. AD169 and Towne), low-
passaged laboratory strains (e.g. Merlin, TB40/E and Toledo) and clinical isolates, due to the
genome alterations obtained upon fibroblast-cultivation and their differences to the wild-type
genome. (Prichard et al., 2001; Wilkinson et al., 2015; Marti-Carreras and Maes, 2019)

Some of those multiallelic loci encode for viral glycoproteins of the viral envelope. (Vankova,
Brusnigina and Novikova, 2023) This also concerns the gH and the gO subunit of the trimeric
gH/gL/gO complex. The UL75 gene locus, encoding for the gH subunit, contains little se-
quence variability within the N-terminus that leads to distinction into the variants gH1 and
gH2, that are present in the HCMV strains AD169, TB40E, VR1814, Toledo and Towne, Mer-
lin, respectively. (Chou, 1992; Wang et al., 2021) The UL74 gene locus encoding for the gO
subunit, on the other hand, accounts for one of the least conserved proteins among the
HCMV proteome, showing high variability within the first 100 N-terminal amino acids and
minor variability between amino acids 270 to 313. Hence, five phylogenetic groups, which
comprise eight different genotypes have been determined for the glycoprotein gO: gO1a
(AD169), gO1b (TR), gO1c (TB40E/ Toledo/ VR1814), gO2a (PH), gO2b, gO3, gO4 (Towne)
and gO5 (Merlin). While genotypes within the same groups show a sequence similarity of up
to 98 — 100%, the inter-genotypic sequence diversity between genotypes of different groups
ranges between 10 — 30%. (Rasmussen et al., 2002; Mattick et al., 2004; Stanton et al.,
2005) It has already been demonstrated that the genotypic diversity of the gO subunit has an
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impact on the formation and abundance of trimeric complex in the viral envelope as well as
the viral spread patterns and the strain-specific immunity mediated by antibodies. (Klein et
al., 1999; Jiang et al., 2011; Zhou et al., 2013; Day et al., 2020; Wang et al., 2021)

So far, the intra-structural binding dynamics as well as the gO-mediated receptor binding
dynamics have been resolved for the gO1b and the gO1c variants of the strains TR and the
VR1814. Although both, the gL- and PDGFRa-binding site mainly involve highly conserved
sequence regions, the variant-specific influence on the trimer-formation and receptor-binding
dynamics remain to be investigated for the other gO genotypes, in order to better understand
the functional and immune evasive aspects as well as the potential and importance of the

trimeric complex as therapeutic target. (J. Liu et al., 2021; Kschonsak et al., 2021).

1.5.4 Antigenic properties

While T-cells actively contribute to the elimination and silencing of HCMV infection, the hu-
moral immune response is assumed to predominantly affect the dissemination within the
host. (Jonji¢ et al., 1994) Antibodies can directly bind to pathogens and either inhibit protein
interactions or mark the pathogen for other immune cells. Former are referred to as inhibitory
antibodies (iAbs) or even neutralizing antibodies (nAbs), given that a single antibody in par-
ticular can prevent the viral infection. (Lu et al., 2018) Studies show that naturally occurring
HCMV infection pre-dominantly leads to the generation of nAbs that prevent the infection of
endothelial and epithelial cells, rather than the infection of fibroblast. Interestingly, fibroblast-
protecting nAbs can also protect endothelial cells with at least equal efficiency. (Wang et al.,
2011; Falk et al., 2017).

Similarly to CD4+ T-cells, glycoprotein gB represents the predominant antigenic target also
for the humoral immune response, making up for approximately 50% of the total HCMV-
specific antibody response in infected individuals (Britt et al., 1990; Marshall et al., 1992;
Poétzsch et al., 2011) The humoral immune response against the trimeric and pentameric
gH/gL-complexes is distinguished into nAbs that target the dimeric gH/gL-core complex or
the accessory proteins, which mediate receptor binding (gO/ UL128-131A). (Ai et al., 2022;
Gonzalez-Del Pino and Heldwein, 2022) nAbs that bind to the gH/gL core dimer usually can
do this in both, the trimeric and pentameric form, whereby neutralizing epitopes are mainly
found within the gH subunit. (Boppana and Britt, 1995; Urban et al, 1996; Ciferri,
Chandramouli, Leitner, et al., 2015) Since gH-specific neutralizing epitopes, like those of the
nAbs MSL-109, 13H11 and 3G16, are distant from the receptor binding site, they are de-
scribed to mediate neutralization through the hampered interaction with the gB complex
needed for membrane fusion (Figure 4A). (Macagno et al., 2010; Fouts et al., 2014;
Kschonsak et al., 2021) Although gH/gL-specific nAbs can inhibit entry into epithelial cells,
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endothelial cells and fibroblasts, they only provide a tenth to a hundredth of the neutralizing
efficiency of nAbs targeting the receptor-accessory subunits UL128, UL130 and UL131 of the
pentameric complex. (Rasmussen et al., 1991; Urban et al., 1996) However, pentamer-
specific nAbs targeting the UL128-131 subunits, in turn exclusively protect from the infection
of endothelial, epithelial and myeloid cells, but not fibroblasts. (Macagno et al., 2010; Ciferri,
Chandramouli, Leitner, et al., 2015; Ai et al., 2022) Documentation regarding the detection of
gO-specific nAbs is hardly available. (Gerna et al., 2016) The low detection rate of gO-
specific nAbs is mostly explained by the high glycosylation pattern of the subunit. (Vigerust
and Shepherd, 2007; Kschonsak et al., 2021) Moreover, such nAbs would need to target
highly conserved epitopes, in order to overcome the gO-related sequence variability and pro-
vide strain-overlapping protection. (Rasmussen et al., 2002; Ai et al., 2022; He et al., 2022)
Currently, there is only one detailed report describing a gO-specific nAb, the so-called elite
neutralizer (CS2it1p2_F7K), that is predicted to prevent PDGFRa- as well as TGFRR3-
binding and provides strain-overlapping protection for epithelial, endothelial and fibroblast
cells (Figure 4B). (Zehner et al., 2023) This leads to the conclusion, that the combination of
trimer- (gH/gL/gO) and pentamer-specific (gH/gL/UL128-131A) nAbs, especially those target-
ing the receptor-accessory subunits and those that prevent receptor-binding, play an essen-

tial role in the protection from HCMYV infection. (Vanarsdall et al., 2019)
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CS2it1p2_F7K

Figure 4: Electron-microscopic structure of the trimeric gH/gL/gO complex with reported nAbs.
Image from the RCSB PDB (RCSB.org) of PDB ID 7LBF (Kschonsak et al., 2021) and 8TCO (Zehner
et al., 2023) (A) Front view of HCMV gH/gL/gO trimeric complex (shown in ribbon) bound to neutraliz-
ing Fabs 13H11 (orange) and MSL-109 (yellow). (B) Front view of HCMV gH/gL/gO Trimer complex
(shown in ribbon) bound to neutralizing Fabs CS2it1p2_F7k (magenta).

1.6 Role of IgG antibodies in diagnostics and treatment of HCMV prima-

ry infections

Due to the asymptomatic course in immunocompetent individuals, HCMV infections usually
remain undetected. Especially during pregnancy, it is of major importance to detect and dif-
ferentiate between recent and past HCMV infections in order to monitor the possibility of an
in-utero transmission and prevent developmental damage of the fetus. Apart from the detec-
tion of viral DNA and IgM antibodies, which cannot distinguish between primary infection and
reactivation, determination of the HCMV-specific IgG avidity index can be used as a diagnos-
tic marker, to specifically differentiate between recent or past primary infection. (Bodéus,
Feyder and Goubau, 1998; Prince and Lapé-Nixon, 2014; Abdullahi Nasir, Babayo and
Shehu, 2016) Antibody avidity describes the overall strength of the antibody-antigen interac-
tion, which for IgG antibodies usually increases in the course of antibody affinity maturation,

15



during first four to six months after primary infection. (Eisen and Siskind, 1964; Blank, Leslie
and Clem, 1972) Thereby, the rate of avidity maturation differs between certain epitope-
specific antibodies and can generally be slowed down upon immunosuppression. (Lutz,
Ward and Gray, 1994; Lazzarotto et al., 1998) Different studies show that IgG antibodies of
high avidity provide higher neutralization efficiency than antibodies of low avidity. (Boppana
and Britt, 1995; Furione et al., 2013; Lilleri et al., 2013)

Treatment of HCMV infection becomes necessary upon disease development or imminent
risk of long-term complications, mainly concerning newborn infants and immunocompro-
mised individuals. Antiviral drugs such as Ganciclovir (Valganciclovir) or Foscarnet expose
patients to adverse side effects and bear the risk resistance development, attributing only a
limited benefit for patients. (Bacigalupo et al., 2012; Komatsu et al., 2014) Moreover, there
are no vaccines to HCMV approved at the moment. Those in development mainly target the
envelope glycoprotein complexes gB and gH/gL/UL128-131A as templates, but fail to elicit
antibody-mediated neutralization efficiency compared to those of a natural infection. (Cui et
al., 2008; Freed et al., 2013) Another therapeutic approach is the passive immunization with
standard intravenous immunoglobulins (IVIGs) or cytomegalovirus hyperimmune immuno-
globulins (CMVIGs), like Cytotect®CP. (Miescher et al., 2015) CMVIGs are highly concen-
trated antibody solutions purified from donor blood, chosen on the basis of high HCMV-
specific antibody titers. (Snydman et al., 1987; Bass et al., 1993) Passive immunization with
CMVIGs have been observed to reduce the risk of vertical HCMV transmission from mother
to child and to improve survival in transplant patients. (Nigro et al., 2005; Hsu and Safdar,
2011; Alsuliman et al., 2018; Kagan et al., 2021; Coste Mazeau et al., 2023) Similar to hu-
man sera, CMVIGs also provide higher neutralization (48-fold) against viral entry into epithe-
lial cells than fibroblasts. (Cui et al., 2008) Followingly, there is uncertainty if the increased
neutralization efficiency correlates with the concentration of the overall HCMV-specific 1gG
titer or depends on the subclass and individual efficiency of certain antibodies, respectively.
(Chehimi, Peppard and Emanuel, 1987; Planitzer et al., 2011; Miescher et al., 2015; Germer,
Herbener and Schuttrumpf, 2016)
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2 Aim of the thesis

The detection and characterization of so-called elite neutralizers, providing broad and strain-
overlapping neutralizing efficiency in endothelial, epithelial and fibroblast cells represents a
new outlook against HCMV infection. (Falk et al., 2018; Harnois et al., 2022) The high neu-
tralizing efficiency of endothelial- and epithelial cell-specific nAbs targeting the pentameric
UL128-131 subunits as well as the equivalent functional role of the trimeric gH/gL/gO com-
plex for cell entry, give reason to believe that iAbs targeting conserved gO epitopes and spe-
cifically inhibit receptor-binding could also represent highly potent and strain-overlapping
nAbs. (Manuel et al., 2009; Day et al., 2020; He et al., 2022)

The work of this thesis is dedicated to the production of soluble gH/gL/gO utilizing different
gO genotypes and to the establishment of a gH/gL/gO-specific PDGFRa-binding assay
based on the principle of the recently described surrogate virus neutralization test (sVNT)
(Figure 5). With this assay we aim to compare the trimer-specific antibody-mediated neutrali-
zation in regards to different gO variants and, in further instance, promote the detection of

trimer-specific nAbs with potential of being strain-overlapping neutralizers. (Tan et al., 2020)

Step 1

HEK293T cells soluble gH/gL/g0

R

PDGFRa coating Binding Inhibition

Figure 5: Graphical illustration of the workflow established in the course of this master thesis.
(Step 1) Production of recombinant and soluble gH/gL/gO utilizing different gO variants using
HEK293T cells. (Step 2) Establishment of a PDGFRa-binding assay and analysis of serum-antibody
mediated inhibition using priorly produced gH/gL/gO.
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3 Material and Methods

3.1 Materials

3.1.1 Expression vectors

Table 1: Description of the gene inserts and properties of the expression vector backbones
used for transformation of E.coli cells and transfection of HEK293T cells.

Insert Properties Backbone
IL-2 signal peptide

HCMV TB40/E, glycoprotein gH _ pMT7 [Cytiva
ATM-domain

[UL75/ NCBI KF297339] LifeSciences, US]
ACytoplasmic tail

HCMV TB40/E, glycoprotein gL _ ) pMT1 [Cytiva
IL-2 signal peptide )

[UL115/ NCBI KF297339] LifeSciences, US]

HCMV TB40/E, glycoprotein gO (gO1c) _ ) pMT1 [Cytiva
IL-2 signal peptide ) )

[UL74/ NCBI KF297339] LifeSciences, US]

HCMV Towne, glycoprotein gO (gO4) _ ) pMT1 [Cytiva
IL-2 signal peptide ) )

[UL74/ NCBI FJ616285] LifeSciences, US]

3.1.2 Cell lines

Table 2: Bacterial and human cell lines used for DNA amplification, transfection and virus neu-

tralization assays.

Cells Type Source
o _ _ Thermo Fisher, US [cat.nr.
DH50-T1R Escherichia Coli (Enterobacteria)
12297-016]
Human embryonic kidney 293
HEK293T . . ATCC, US [cat.nr. CRL-3216]
(human, immortalized)
HFF Foreskin fibroblast (human) Center for Virology, MUW, AT
3.1.3 \Virus
Table 3: BAC-derived HCMV strain used for the infection of HFF cells during virus neutraliza-
tion assay.
Virus/ Strain Properties Source
HCMV TB40 strain BAC-derived clone containing luciferase Gorzer Irene, MUW,
(TB40-BAC4-luc) reporter gene (Scrivano et al., 2011) AT
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3.1.4 Primary Western Blot antibodies

Table 4: Properties and dilutions of primary western blot detection antibodies.

Specificity Isotype Species Source Properties Dilution
Mach Michael,
FAU Erlangen- monoclonal
HCMV gH 1:2
IgG Mouse Nurnberg, DE (N-terminal,
(AP86, SA4) ) (supernatant)
(Urban, Britt and aa 34 — 42)
Mach, 1992)
Adler Barbara,
HCMV LMU Munich, DE
IgG Mouse monoclonal 1:500
g0.02 (Kalser et al.,
2017)
6x his-tag Abcam, UK [cat.nr.
lgG2b Mouse monoclonal 1:5.000
(HIS.H8) ab18184]
3.1.5 Secondary Western Blot antibodies
Table 5: Properties and dilutions of secondary western blot detection antibodies.
Specificity Isotype Species Source Properties Dilution
Cytiva, US [cat.nr. .
Mouse IgG IgG Sheep HRP-conjugated 1 :6.000
NA931]
. Cytiva, US [cat.nr. .
Rabbit IgG IgG Donkey HRP-conjugated 1 :5.000

NA934]

3.1.6 ELISA antibodies

Table 6: Properties and dilution of ELISA detection antibody used during receptor-binding as-

say.
Specificity Isotype Species Source Properties Dilution
6x his-tag Abcam, UK [cat.nr. _

IgG1 Mouse HRP-conjugated  1:250
(AD1.1.10) 15149]
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3.1.7 Media for bacterial culture

LB medium

10 g peptone, 5 g yeast extract and 10 g NaCl and 0.1 g NaOH dissolved in double-distilled
water (ddH20), filled up to 1L and autoclaved (pH 7.5)
LB agar

10 g peptone, 5 g yeast extract, 10 g NaCl and 20 g Bacto-agar dissolved in double-distilled
water (ddH20), filled up to 1L and autoclaved (pH 7.5)

LB-Amp medium/ LB-Amp agar
LB medium and LB agar supplemented with ampicillin to a final concentration of 100ug/mL,

prior to inoculation with bacterial cells or pouring of the agar plates (pH 7.5)

3.1.8 Media for cell culture

Table 7: Basic medium used for the cultivation and transfection of HEK293T and HFF cells.

Name Source

Gibco™ DMEM Thermo Fisher, AT [cat.nr. 41965-039]
Gibco™ Opti-MEM™ | Reduced Serum Me- Thermo Fisher, AT [cat.nr. 31985-070]
dium

Gibco™ OptiPRO SFM Thermo Fisher, AT [cat.nr. 12309-019]
MEM with Earle’s Salts (with L-Glutamine) Capricorn, DE [cat.nr. MEM-A]

DMEMc medium

DMEM medium supplemented with 10% FBS, 10 mM HEPES, 500 U/mL Penicillin and 500
ug/mL Streptomycin (pH 7.0)

MEM +/+ medium

Minimum essential medium supplemented with 10% FBS, 1% non-essential amino acid solu-

tion, 50 pg/mL neomycin

3.1.9 Buffers

Phosphate buffered saline (PBS)
137 mM NaCl, 8.1 mM NazHPO4e2H-0, 2.7 mM KCI and 1.5 mM KH2PO, in ddH>O (pH 7.4)
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Phosphate buffered saline-Tween (PBS-T)
Phosphate buffered saline supplemented with 0.05% Tween®20 (pH 7.4)

Tris buffered saline (TBS)
20 mM Tris and 150 mM NaCl in ddH-O (pH 7.5 adjusted with HCI)

Tris buffered saline-Tween (TBS-T)
Tris buffered saline supplemented with 0.05% Tween®20 (pH 7.5)

FPLC sample buffer
50 mM NaH;PO4eH,0, 150 mM NaCl and 10 mM Imidazole (pH 8.0)

FPLC wash buffer
50 mM NaH;PO4eH,0, 300 mM NaCl, 0.05% Tween®20 and 20 mM imidazole (pH 8.0)

FPLC elution buffer
50 mM NaH2PO4eH-0, 300 mM NaCl, 0.05% Tween®20 and 250 mM imidazole (pH 8.0)

2x Sample buffer/ protein loading dye (non-reducing)
5% SDS, 125 mM Tris (pH 6.8), 10% glycerol and 0.004% bromophenol blue

2x Sample buffer/ protein loading dye (reducing)
5% SDS, 125 mM Tris-HCI (pH 6.8), 10% glycerol, 0.04% bromophenol blue and 10% 2-

mercaptoethanol

Laemmli running buffer for SDS-PAGE
50 mM Tris and 384 mM glycine in ddH20 supplemented with 0.1% SDS before use

Western Blot blocking buffer
Tris buffered saline supplemented with 0.05% Tween®20 and 5% BSA (pH 7.5)

Western Blot washing buffer
Tris buffered saline supplemented with 0.05% Tween®20 (pH 7.5)

0.05 M Carbonate/ bicarbonate buffer
15 mM NaCOs and 35 mM NaHCOs in ddH20 (pH 9.6)
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ELISA washing buffer

Phosphate buffered saline supplemented with 0.05% Tween®20 (pH 7.4)

ELISA blocking solution

Phosphate buffered saline supplemented with 2% BSA and 2% Tween®20 (pH 7.4)

ELISA dilution buffer

Phosphate buffered saline supplemented with 1% BSA and 2% Tween®20 (pH 7.4)

3.1.10 Reagents, chemicals and supplementation

Table 8: Reagents, chemicals, supplements and proteins used for the generation of buffers,

cell medium or assay testing.

Description Stock conc. Source

1-Step™ Ultra TMB sub- 1x Thermo Fisher Scientific, US [cat.nr.
strate 34028]

Ampicillin sodium salt 10 mg/mL Sigma-Aldrich, US [cat.nr. AO166]
BD Bacto-Agar - Becton Dickinson [cat.nr. 214010]
Bovine Serum Albumin 1x Serva, DE [cat.nr. 119-26-04]
Bromophenol Blue - Bio-Rad, UK [cat.nr. 1610404]
Ethanol absolute (EtOH) 96% ITW Reagents, IT [cat.nr. A3678]
Fetal Bovine Serum (FBS)  1x Capricorn, DE [cat.nr. FBS-12A]
Glycerol >99% Sigma-Aldrich, US [cat.nr. G5516]
Glycine >98.5% Sigma-Aldrich, US [cat.nr. 410225]
H2S04 (sulfuric acid) 95 -97% Merck, DE [cat.nr. 100731]

HCI (hydrochloric acid) 5M Merck, DE [cat.nr. 109911]

HEPES (in ddH20) 1™ Serva, DE [cat.nr. 25245]

Imidazole >99% Sigma-Aldrich, US [cat.nr. 12399]
KCI (potassium chloride) 99-100% Sigma-Aldrich, US [cat.nr. P3911]
KH2PO4 (potassium phos-  >99% Sigma-Aldrich, US [cat.nr. P0662]
phate monobasic)

Lipofectamine® 2000 1x Thermo Fisher, US [cat.nr. 11668019]
Na2CO3 (sodium car- >99.5% Sigma-Aldrich, US [cat.nr. 223530]

bonate)

Na2HPO4e2H20 (sodium
phosphate dibasic dihy-
drate)

Sigma-Aldrich, US [cat.nr. 1.06580]
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NaCl (sodium chloride) >99% Sigma-Aldrich, US [cat.nr. S9888]
NaH2PO4eH20 (sodium
phosphate monobasic >98% Sigma-Aldrich, US [cat.nr. S9638]
monohydrate
NaHCO3 (Sodium hydro- - Sigma-Aldrich, US [cat.nr. 1.06329]
gen carbonate)
NaOH (sodium hydroxide

- Merck, DE [cat.nr. 106462]
pellets)
NaOH (sodium hydroxide 10 M Merck, DE [cat.nr. 480648]
solution)
Neomycin 10 mg/mL Sigma-Aldrich, US [cat.nr. N1142]
Non-essential amino acids  100x Sigma-Aldrich, US [cat.nr.M7145]
Penicillin 10.000 U/mL Sigma-Aldrich, US [cat.nr. P4333]
Peptone - Sigma-Aldrich, US [cat.nr. P6838]
Rec. hPDGFRa/ CD140a 250 pg/mL Szabo-Scandic, AT [ELA-PKSH031527]
SDS (sodium dodecyl sul-  >99% Sigma-Aldrich, US [cat.nr. 436143]
fate)
Streptomycin 50 mg/mL Sigma-Aldrich, US [cat.nr. P4333]
Tris(hydroxymethyl)- >99.8% Sigma-Aldrich, US [cat.nr. 252859]
aminomethane
Trypan blue solution 0.4% Sigma-Aldrich, US [cat.nr. 93595]
Trypsin-EDTA (0.25%) 1x Sigma-Aldrich, US [cat.nr. 59428C]
Tween®20 100% Sigma-Aldrich, US [cat.nr. P1379]

Yeast extract

Sigma-Aldrich, US [cat.nr. 1.03753]

3.1.11 Hardware, Kits and Systems

Table 9: Test kits, hardware and devices used for experiments.

Product

Source

4 - 15% Mini-Protean® TGX™ precast gel
AKTA pure 25L chromatography system
AKTA Superloop, 1/16" fittings 50 mL
BioTek® Synergy HTX multi-mode reader

Bio-Rad, UK [cat.nr. 4561083S]

Cytiva LifeSciences, US [cat.nr. 29018224]
Cytiva LifeSciences, US [cat.nr. 18111382]
Agilent Technologies

VWR, US [cat.nr. 734-2315P]

Nexcelom, US

Euroimmun, DE [cat.nr. EI 2570-9601-1 G]

Cell culture flasks (surface treated, vented)
Cellometer® Auto T4
Cytomegalovirus (CMV) avidity determination/
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antigen-coated microplate wells
Cytomegalovirus (CMV) IgG/
antigen-coated microplate wells
Cytomegalovirus (CMV) IgM/
antigen-coated microplate wells

Heraeus Multifuge X3 FR Centrifuge
HisTrap FF crude 5 mL/ Ni-Sepharose fast
flow column

Invitrogen® iBright™ 750CL imaging system
Leica DMi8 S inverted light microscope
Lonza™ Pro-Sieve™ quad color protein ladder
MasterFlex® L/S EasyLoad® peristaltic pump
Micro BCA™ protein assay kit
Mini-Protean® Tetra vertical electrophoresis
chamber

NanoDrop® ND1000 spectrophotometer
Nunc™ 96-Well Polystyrene Round Bottom
Microwell Plates

PageBlue™ staining solution

PureYield® Plasmid Midiprep kit

Sample loop, 1/16” fittings 500 pL

SD100 Cellometer® counting chambers
Sorvall LYNX 4000 Superspeed Centrifuge
Steady-Glo® Luciferase assay system
Superdex®200 Increase 10/300 GL
SuperSignal® West Pico plus substrate
Trans-Blot Turbo Mini 0.2 um PVDF Transfer
Pack

Trans-Blot® Turbo™ Transfer System
Vac-Man® Laboratory Vacuum Manifold
Vivoflow®200 PES (100.000 MWCO)
Vivospin®20 PES (100.000 MWCO)

Euroimmun, DE [cat.nr. EI 2570-9601 G]

Eurocimmun, DE [cat.nr. El 2570-9601 M]
Thermo Fisher, US
Cytiva LifeSciences, US [cat.nr. 17528601]

Thermo Fisher, US [cat.nr. A44116]

Leica Microsystems, DE

Thermo Fisher, US [cat.nr. BMA00193837]
Cole Parmer Instruments, US

Thermo Fisher, US [cat.nr. 23235]

Bio-Rad, UK [cat.nr. 1658004]
peQlab Biotechnology, DE
Thermo Fisher, US [cat.nr. 4912]

Thermo Fisher, US [cat.nr. 24620]
Promega, US [cat.nr. A2495]

Cytiva LifeSciences, US [cat.nr. 18111399]
Nexcelom, US [cat.nr. CHT4-SD100-002]
Thermo Fisher, US [cat.nr. 75006580]
Promega, US [cat.nr. E2510]

Cytiva LifeSciences, US [cat.nr. 28990944]
Thermo Fisher, US [cat.nr. 34577]

Bio-Rad, UK [cat.nr. 1704156]

Bio-Rad, UK [cat.nr. 1704150]
Promega, US [cat.nr. A7231]
Sartorius [cat.nr. VF20P4]
Sartorius [cat.nr. VS2042]
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3.1.12 Human sera and HCMV hyperimmune immunoglobulin used for test

establishment

In the course of the establishment of the gH/gL/gO receptor-binding assay, residual human
serum samples were characterized for HCMV-specific serodiagnostic markers prior to as-
signing them to cohorts. Human sera were received from the biobank of the Center for Virol-
ogy of the Medical University of Vienna. Approval was obtained from the local ethics commit-
tee of the Medical University of Vienna (ethics approval number: 2156/2019). Tested sera
were further categorized into cohorts according to parameters regarding HCMV serostatus
defined by HCMV-specific I1gG titer, HCMV IgG-specific avidity and medical history. Detection
and concentration determination of HCMV-specific IgG and IgM antibodies was performed
under the use of Euroimmun Cytomegalovirus ELISA-test kits (ElI 2570-9601 G/ El 2570-
9601 M). HCMV-specific IgG avidity was determined under the use of Euroimmun Cytomeg-
alovirus avidity determination ELISA-test kit (El 2570-9601-1 G). As positive control for bind-
ing inhibition in the gH/gL/gO neutralization assay Cytotect®CP (50 mg/mL 1gG) CMV hy-

perimmunoglobulin solution was used.

3.2 Methods

3.21 Designing of gH, gL and gO expression vectors

The expression vectors carrying the genetic information of the individual subunits of the
HCMV gH/gL/gO complex were designed and ordered under the use of the online gene syn-
thesis tool of Synbio Technologies LLC. The insert nucleotide sequences, coding for the
subunits gH (UL75) and gL (UL115) were obtained from the HCMV TB40 strain (NCBI refseq
KF297339), whereas for the gO subunit (UL74) two different genotypes were accessed, the
HCMV TB40/E strain-derived gO1c genotype (NCBI refseq KF297339) and the HCMV
Towne strain-derived gO4 genotype (NCBI refseq FJ616285). For the insert sequences of
the regarding gH (aa 24 - 718), gL (aa 31 — 278), gO1c (aa 30-464) and gO4 (aa 30 — 457),
the first 23, 30 and 29 amino acid residues (aa) of the wild type signal sequences were re-
placed with the 20 aa interleukin-2 (IL-2) signal peptide sequence, respectively. The gH in-
sert sequence was further adapted by the deletion of the transmembrane domain (aa 719 -
737) and the cytoplasmic tail (aa 742 — 743). Insert sequences for gL, gO1c and gO4 were
not further adapted. For the expression in human cells, the sequences for the gL and gO
subunits and the gH subunit were optimized to human codon bias and cloned into the mam-
malian expression vectors pMT1 and pMT7, respectively (Synbio Technologies LLC)
(Supplementary Figure S1 - Supplementary Figure S4). Both of the vector backbones con-

tained a bacterial origin of replication and an ampicillin resistance gene. For the enhanced
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protein expression in mammalian cells, the vectors provided the multiple cloning site (MCS)
located downstream to a CMV promoter and upstream to a woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE). Additionally to that, the backbones contained an
SV40 origin of replication, which allows for plasmid DNA replication and prolonged protein
expression in cell lines that were stably transfected with the SV40 large T-antigen. The pMT7
vector additionally carried a cleavable C-terminal ten-fold histidine tag (10x his-tag) down-
stream to the MCS and an EF-1a-promoter-regulated GFP reporter gene for the control of
the transfection efficiency. The insert sequences for the gL, gO1c and gO4 subunits were
each cloned into a respective pMT1 vector in between the restriction sites EcoRI and Agel.
The adapted gH insert sequence was cloned into the pMT7 vector using the restriction sites
EcoRI and Apal, leading to a 13 aa insertion between the Apal restriction site and the 10x
his-tag. This insertion contains the TEV-cleavage sequence for the histidine tag, which is
flanked by 3 aa on each side (G-S-S-TEV-K-S-S).

3.2.2 Transformation of E. Coli cells

DNA amplification was achieved through the transformation and cultivation of chemically
competent One-Shot™ MAX Efficiency™ DH5a-T1R cells, an adapted Escherichia Coli
(E.Coli) strain that is resistant to infection with bacteriophage T1 and T5. If not mentioned
otherwise, bacterial cells were cultivated upon antibiotic selection in Luria-Broth medium with
100 pg/mL ampicillin (LB-Amp) and incubated at 37°C shaking with 220 rotations per minute
(rpm). The expression vectors, coding for gH1, gL, gO1c and gO4, were individually intro-
duced into One-Shot™ MAX Efficiency™ DH5a-T1R cells. According to manufacturer’s in-
structions, aliquots DH5a cells were thawed on ice and further incubated with 20 — 40 ng
plasmid DNA. During heat shock, the cells were exposed to 42°C for 30 seconds, put back
on ice and resuspended in pre-warmed super optimal broth (SOC) medium. After that, cells
were incubated for one hour at 37°C and 220 rpm. For the selection of successfully trans-
fected cells, ten-fold and hundred-fold dilutions of the cultures were spread onto Luria broth
(LB) agar supplemented with 100 ug/mL ampicillin (LB-Amp). The agar plates were incubat-
ed overnight at 37°C and checked the following day for well-spread colony growth. Picked
colonies were used to inoculate mini cultures (4 mL) in fresh LB-Amp medium, which were
incubated for 16 — 20 hours at 37°C and 220 rpm. The agar plates were sealed and stored at
4°C.
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3.2.3 Plasmid DNA amplification

Amplification of plasmid DNA was achieved through cultivation of transformed DH5a-T1R
cells at larger scale. Therefore, incubated mini cultures with an optical density (OD) between
two to four were used for 1:500 inoculation of midi cultures (200 mL) in LB-Amp medium.
Midi cultures were also incubated for 16 — 20 hours at 37°C and 220 rpm. Extraction and
purification of amplified plasmid DNA was performed under the use of the PureYield® Plas-
mid Midiprep system. To do so, midi cultures were centrifuged for ten minutes at 4°C and
5.000 relative centrifugal force (rcf). The cleared cell supernatant was discarded and accord-
ing to manufacturers’ instructions and upon application of the provided buffer systems, the
cells were resuspended and lysed. The lysates were centrifuged for 15 minutes at room tem-
perature and 15.000 rcf and later on filtered through a kit-supplied column stack, consisting
of a clearing column and a DNA binding column. Upon the application of vacuum, the lysate
was passed through both columns and the membrane-bound DNA was further washed with
endotoxin-removal- and column wash solution. For removal of the solution-derived ethanol,
the binding membrane was dried upon further application of vacuum and short incubation on
a heat block at 50°C. The DNA binding column was transferred into a 50 mL conical tube and
incubated for two minutes with pre-warmed nuclease-free water. The conical tubes were cen-
trifuged for five minutes at room temperature and 2.000 rcf and the eluted DNA was trans-
ferred into sterile microcentrifuge tubes. DNA concentration was determined in duplicates

through NanoDrop™ measurement.

3.2.4 Cell Culture

For the expression and testing of the trimeric gH/gL/gO complex, human embryonic kidney
cells 293T (HEK293T) and human foreskin fibroblasts (HFF) were kept in culture. If not men-
tioned otherwise, HEK293T cells were cultivated within Gibco™ Dulbecco’s minimum essen-
tial medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 500 U/mL Penicillin,
500 pg/mL Streptomycin and 10 mM HEPES (DMEMc) and HFF cells were cultivated in min-
imum essential medium (MEM) supplemented with 10% FBS, 1% non-essential amino acids
and 50 pg/mL Neomycin. The cells were incubated in a humidified atmosphere upon 37°C
and 5% CO? air volume. HEK293T cells were thawed at the 7™ passage, used for transfec-
tion experiments from the 10" passage and kept in culture until reaching the 30" passage.
HFF were thawed at the 2" passage, used for experiments from the 6" passage and were
discarded after passing the 20" passage. Handling of cells was strictly carried out upon

aseptic conditions.
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3.2.5 Thawing of HEK293T cells and HFF

Frozen cell aliquots were recovered from liquid nitrogen and placed in a water bath at 37°C.
Aliquots were thawed until almost no ice crystals remained and were then carefully trans-
ferred into a T25 cell culture dish pre-filled with 9 mL fresh medium. The cryo-tube was
washed with 1 mL medium, which was later added to the culture. After 24 hours incubation, a
complete medium exchange was done. In the first passage, cells were completely trans-

ferred to a T75 cell culture dish. After that, cells were passaged as described.

3.2.6 Passaging of HEK293T cells

HEK293T cells were frequently passaged twice a week, upon reaching a confluence of ap-
proximately 80%. Split rates of 1:10 and 1:20 were used for incubation periods of either three
or four days. For passaging, the cell monolayer was washed once with PBS and once with
0.25% Trypsin-EDTA. Upon incubation with fresh 0.25% Trypsin-EDTA, cells detached from
the treated surface and were then thoroughly resuspended in DMEMc medium. According to
the split rate, a certain volume of the resuspended cells was transferred into a new cell cul-
ture dish pre-filled with fresh DMEMc medium. Scale switching was performed upon adaption

of the transfer volume in consideration to the factorial change of the cultivation area.

3.2.7 Passaging of HFF

HFF cells were frequently passaged once a week with a split rate of 1:4. Additionally, half
medium change was performed three days after passaging. During passaging, HFF were
washed twice with PBS and once 1xTrypsin. Cell detachment was achieved upon incubation
with fresh 1xTrypsin for five to seven minutes at 37°C. The detached cells were thoroughly
resuspended within fresh MEM+/+ medium and transferred into a new cell culture flask with
fresh medium. Scale switching was performed upon adaption of the transfer volume in con-

sideration to the factorial change of the cultivation area.

3.2.8 Freezing of HEK293T cells and HFF

For storage in liquid nitrogen, cells were resuspended in fresh medium and live cell concen-
tration was determined via cell counter. After five minutes of centrifugation at 4°C and 250
rcf, the pelleted cells were resuspended in freezing medium to a specific concentration.
HEK293T cells were resuspended to a total concentration of 1 x 107 cells/mL in pre-cooled
DMEMc supplemented with 10% DMSO. HFF cells were resuspended to a total concentra-
tion of 1 x 10° cells/mL in MEM+/+ supplemented with 10% DMSO. Aliquots of 1 mL were
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transferred into cryotubes, then stored at -80°C for 24 - 72 hours and later transferred to a

liquid nitrogen tank.

3.2.9 Transient transfection of HEK293T cells

Resuspended cells were counted via cell counter, seeded with a density of 1.6 - 1.7 x 10°
cells/cm? and incubated overnight upon 37°C and 5% CO.. The following day, monolayer
confluence (70 — 80%) was controlled via light microscopy, supernatant was discarded and
cells were covered with Gibco™ Opti-MEM medium. For liposomal-based transient cell trans-
fection, plasmid DNA and Lipofectamine®2000 transfection reagent were separately pre-
pared and incubated for 5 minutes at room temperature. Depending on the cultivation area,
an amount of 0.33 pg/cm? DNA was diluted in a volume of 2.75 uL/cm? Gibco™ Opti-MEM
medium. For the expression of the trimeric complex, this corresponded to a 1:1:1 ratio of
0.11 ug/em? of the respective expression vectors gH, gL and gO. The Lipofectamine®2000
transfection reagent was prepared as 30% solution in the same volume using Gibco™ Opti-
MEM medium. Both, the DNA and transfection reagent, were then carefully mixed and again
incubated for 15 minutes at room temperature. The transfection mix was added dropwise,
upon gentle swirling and incubated onto the cells for four to six hours at 37°C and 5% CO..
Cells were washed with DMEM medium and again incubated with Gibco® Opti-Pro medium.
After 5 days incubation, the supernatant was transferred into 50 mL conical tubes and centri-
fuged for 20 minutes at 4°C with 4200 rcf. The cleared supernatant was transferred into fresh
50 mL tubes and stored at -20°C.

3.2.10 Fluorescence Microscopy

At intervals of 24 hours, transfected HEK293T cells were checked for EGFP expression un-
der a Leica DMi8 S inverted light microscope running on the related LAS X software. Photos
were taken at a 10-fold magnification using an exposure time of 3.10 ms at an intensity of
230 for capture of the phase contrast and an exposure time of 200 ms and a fluorescence

intensity of 100% for capture of fluorescence.

3.2.11 Vivoflow® sample concentration and buffer adaption

To prevent protein degradation, samples and used buffers were kept on ice throughout the
whole purification process. Frozen supernatant was thawed overnight at 4°C and sterile fil-
trated through a 0.2 um polyether sulfone (PES) membrane filter the next day. In preparation
for affinity chromatography, the supernatant was ultra-filtrated through a Vivoflow®200 PES

tangential flow filtration cassette, with a molecular weight cutoff (MWCO) of 100 kDa. Flow
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rates and pressure limits were monitored according to manufacturer’s instructions. After equi-
libration of the cassette with 1x FPLC sample buffer, the supernatant was pumped through
the cassette in a loop until reaching a volume of approximately 150 - 200 mL. The concen-
trated supernatant was placed on ice, rebuffered through addition of 10x FPLC sample buffer
and controlled for pH-adjustment. For the additional recovery of membrane-bound protein,
the ultrafiltration step was repeated with 50 — 70 mL 1x FPLC sample buffer, which was later

added to the concentrated supernatant to achieve a final volume of approximately 250 mL.

3.2.12 Fast Protein Liquid Chromatography

FPLC affinity chromatography was performed against the gH-conjugated 10x his-tag using a
5 mL HisTrap FF crude/ Ni-Sepharose fast flow column, connected to an AKTA™ pure 25L
system. The recommended maximum pressure of 0.52 MPa and flow rate of 2 mL/min were
not exceeded throughout the chromatography run and monitored together with other system
parameters and the UV absorbance. Prior to sample load, the column was equilibrated with
five column volumes FPLC wash buffer. The concentrated supernatant was administrated
under the multiple use of a 50 mL Superloop. During the sample load and the following
washing step, the flow through was collected, stored at 4°C and later controlled via western
blot. After sample load, the column was washed with ten column volumes (CVs) FPLC wash
buffer. Protein elution was performed under the use of FPLC elution buffer and monitored
through measurement of the UV absorbance at 280 nm. During elution, fractions of 0.5 mL
were collected until the UV absorbance returned to baseline. The collected fractions were

stored overnight at 4°C.

3.2.13 Vivaspin® sample concentration and buffer exchange

The collected fractions derived from the FPLC were pooled and further processed with a Vi-
vaspin®20 100,000 MWCO PES concentrator, which allows for simultaneous buffer ex-
change and concentration of the sample volume. According to manufacturers’ instructions,
the centrifugation was performed with a swing bucket at 3,000 rcf and 4°C. After two-fold
equilibration of the PES membrane with phosphate-buffered saline (PBS), the protein sample
was transferred into the devices’ headpiece, complemented with PBS to a volume of 20 mL
and concentrated to a volume of 0.5 — 1 mL. This process was repeated four times for a
complete buffer exchange. During the last concentration step, the sample was concentrated
to a volume of approximately 400 uL. The sample was recovered from the headpiece and
placed on ice. The flow through from the respective centrifugation steps was collected and

placed on ice for later control via western blot.
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3.2.14 Size exclusion chromatography

Size exclusion chromatography was performed under the use of a Superdex®200 Increase
10/300 GL column connected to the AKTA™ pure 25L system. In order to not exceed the
prescribed pressure limit of 3.5 MPa, flow rates were set between 0.5 — 0.75 mL/min depend-
ing on the used buffer system. Column equilibration was performed with two respective CVs
of ddH,O and PBS. The protein sample was applied under the use of a pre-equilibrated 500
ML sample loop, eluted upon a flow rate of 0.5 mL/min and collected in fractions of 0.5 mL.
Protein elution was monitored via measurement of the UV-absorbance at 280 nm. Fraction
collection was stopped after 1 CVs. The collected fractions were pooled according to UV-

absorbance measurement and stored at 4°C.

3.2.15 Micro BCA™ protein concentration determination

Protein concentration was determined in a 96-well microplate format using the Micro BCA™
kit. Dilutions were prepared with PBS, using a four-fold serial dilution comprising factors from
1:5 to 1:40 for the unknown protein concentrations. Dilutions of the protein sample and the
BSA reference were prepared with PBS and measured in duplicates. The respective protein
samples, BSA references and blanks were analyzed using 100 pyL per well, which were
mixed with 100 pL of the kit-related working reagent. The samples were incubated for two
hours at 37°C, equilibrated to room temperature and subsequently the colorimetric staining
was measured at a wavelength of 562 nm and 630 nm. According to the BSA reference,
concentrations were calculated for each dilution and upon exclusion of outlying values, aver-

age protein concentration was determined.

3.2.16 SDS-PAGE and Western Blot analysis

Protein samples for SDS-PAGE derived either directly from the cell supernatant of transfect-
ed HEK293T cells or from purified protein pools. For control via SDS-PAGE and Western
Blot, recombinantly produced proteins from HEK293T-derived cell supernatant was precipi-
tated via salt precipitation. Therefore, 1 mL cell supernatant was supplemented with 25 pL of
a 5 M NaCl solution (end concentration of 62.5 mM) and mixed 1:1 with pure ethyl alcohol.
After at least 24 hours incubation at 4°C, precipitated samples were centrifuged for ten
minutes at 16.000 rcf and the supernatant was removed completely. The precipitated pellet
was resuspended in 30 uL 2x sample buffer and dissolved for five minutes at 45°C shaking
at 300 rpm. Samples derived from the purified protein pools were mixed 1:1 with 2x sample
buffer. Protein expression of the trimeric complex was controlled with 4 — 15% gradient poly-

acrylamide gels. Prior to loading, reducing and non-reducing samples were incubated at ei-
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ther 95°C or 70°C for five minutes and then centrifuged for one minute at 16.000 rcf. Electro-
phoresis ran for 30 minutes at 80 V and was later switched to 130 V until protein bands com-
pletely passed through the gel. For evaluation protein gels were either stained through incu-
bation with PageBlue™ staining solution according to manufacturer’s instructions or blotted
onto a 0.2 ym polyvinylidene fluoride membrane (PVDF) under the use of the Trans-Blot®
Turbo™ transfer system. Upon western blotting, the membranes were blocked for 1 hour with
5% bovine serum albumin (BSA) diluted in 0.05% TBS-T. Antibody dilutions were prepared
as described with blocking buffer (see Table 4 and Table 5). First, primary antibody was in-
cubated overnight at 4°C. After five-fold washing for five minutes with TBS-T, the secondary
antibody was incubated for 1 hour at room temperature and the membrane was washed
again. Protein detection was performed upon incubation with SuperSignal® West Pico Plus
chemiluminescence substrate and evaluation with the Invitrogen® iBright™ CL750 imaging

system. Evaluated membranes were stored in TBS at 4°C.

3.2.17 Virus inhibition assay on HFF cells

HFF cells were seeded with 1 x 10* cells/well on 96-well microtiter assay plates (white, clear
bottom) and incubated overnight at 37°C and 5% CO.. Monolayer confluency was controlled
via light microscopy the next day. Serial dilutions of soluble trimeric gH/gL/gO were prepared
with Gibco™ Opti-MEM medium and incubated onto HFF cells with 50 uL/well for one hour at
4°C. Simultaneously, viral stocks of HCMV TB40-BAC4-luc (GT1c) with an multiplicity of in-
fection (MOI) of 2.0 were prepared with MEM+/+ medium and incubated for one hour at 4°C.
Cells were infected at a MOI of 1.0 by addition of 50 pL/well virus dilution. Virus incubation
was done first for one hour at 4°C, followed by two hours incubation at 37°C and 5% CO..
The supernatant was discarded, cells were washed twice with MEM+/+ medium and incubat-
ed with 100 pL/well MEM+/+ medium for 24 hours at 37°C and 5% CO.. For cell lysis, 100
uL/well Steady-Glo® substrate buffer were added and incubated for five minutes at room
temperature. Samples and controls were tested as duplicates. Controls were treated only
with the respective medium used during each incubation step. HCMV infection and was de-
termined via plate reader, measuring relative light units between wavelengths of 300 to 700

nm.

3.2.18 Enzyme-linked immunosorbent assay/ Inhibition assay

For competitive ELISA assays 100 ng of recombinant PDGFRa/CD140 diluted in carbonate-
bicarbonate buffer was coated with 50 pL into each well of a 96-well polystyrene round bot-

tom microwell plate and incubated overnight at 4°C. The next day, the plate was washed by
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rinsing the wells four times with 200 pl ELISA wash buffer. Coated plates were blocked for
one hour at 37°C with 200 puL ELISA blocking buffer per well. Parallel, serum samples were
prepared as serial dilutions with 25 pL per dilution using ELISA dilution buffer. Each dilution
was mixed with 25 uL of a 2 pug/mL soluble trimer solution also prepared with ELISA dilution
buffer. The trimer-serum mix was incubated for one hour at 37°C, afterwards transferred onto
the coated plate without prior washing and again incubated for one hour at 37°C. After trimer
incubation, the plate was again washed and incubated for one hour at 37°C with 20 ng HRP-
conjugated anti-6xHis antibody diluted in ELISA dilution buffer (Table 6). Plates were
washed again and incubated for 25 minutes at room temperature with 50 yL 1-Step™ Ultra
TMB-ELISA substrate solution per well. The substrate was inactivated with 50 yL 1M H>SO4
and absorbance was measured at 450 nm and 650 nm wavelength. The OD450 absorbance
was reduced by the blank value and upon normalization to the average HCMV seronegative
control, transformed into percent inhibition [Inhibition % = 1 — (blank OD sample/ blank OD
average seronegative) x 100]. Serum samples were tested as duplicates together with corre-
sponding controls. Using GraphPad Prism software, the dose-dependent binding inhibition
was evaluated via non-linear regression analysis (log[inhibitor] vs. response — variable slope/

for parameters) with the serum dilution factor assigned as inhibitor.
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4 Results

4.1 Production of soluble gH/gL/gO
4.1.1 Design of plasmid DNA

The trimeric glycoprotein complex gH/gL/gO is a membrane-anchored receptor binding pro-
tein that takes up an essential role during cell entry of HCMV. (Kaye, Gompels and Minson,
1992; Li, Nelson and Britt, 1997) It underlies a certain genetic diversity, mostly given by the
highly polymorphic gO subunit, which has been described in eight different variants so far.
(Paterson et al., 2002; Rasmussen et al., 2002)

For our investigation, we retrieved gene sequences for the gH1 (UL75, nt 109,603 —
111,834), gL (UL115, nt 165,366 — 166,202 ) and gO1c (UL74, nt 107,833 — 109,227) subu-
nits derived from the TB40/E strain (NCBI refseq KF297339) and the gO4 subunit derived
from the Towne strain (NCBI refseq FJ616285 nt 106,666 — 108,039), exhibiting sequence
differences of approximately 22% at the amino acid level. (Kalser et al., 2017) For the ex-
pression of soluble trimer, the mentioned sequences were adapted, so that the formed com-
plex got secreted into the supernatant and could be harvested easily (Figure 6A). In the first
instance, signal peptide sequences of the respective wild type genes were replaced with the
20 aa Interleukin-2 (IL-2) signal peptide sequence (MYRMQLLSCIALSLALVTNS) (Figure
6B). Thus, for the peptide sequences of the subunits gH1, gL, gO1c and gO4, the first 23, 30,
29 and 29 amino acid residues were replaced, respectively. To avoid the incorporation into
the lipid membrane, the gH-associated transmembrane domain (aa 719 — 732) and the rela-
tively short cytoplasmic tail (aa 742 -743) were removed (Figure 6C, red letters). Using an
online gene synthesis tool, the adapted gene sequences were codon optimized to human
codon bias and ordered in the form of fully cloned constructs for the later expression in Hu-
man embryonic kidney 293T cells (HEK293T).

The gH1 gene insert (IL-2_gH1 aa 24 - 718) was cloned into mammalian expression vector
pMT7 (Synbio Technologies) using the restriction sites EcoRI and Apal. Gene inserts for gL
(IL-2_gL aa 31 — 278), gO1c (IL-2_gO1c aa 30 — 464) and gO4 (IL-2_gO4 aa 30 — 457) were
each cloned into the mammalian expression vector pMT1 (Synbio Technologies) using the
restriction sites EcoRI and Agel (Supplementary Figure S1 - S4). Both expression vectors
offer a CMV promoter and a woodchuck hepatitis virus posttranscriptional regulatory element
(WPRE) located upstream and downstream of the multiple cloning site (MCS), respectively.
For the selective DNA amplification in bacterial cells, the vectors provided a bacterial origin
of replication and an ampicillin resistance. Additionally, a SV40 origin of replication allowed
for plasmid DNA replication and prolonged protein expression in HEK293T cells, stably ex-

pressing the SV40 large T-antigen. In consideration to the protein expression and purification
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the pMT7 vector further featured a separately expressed EGFP reporter gene for the control
of the transfection efficiency and a C-terminal ten-fold histidine tag (his-tag) downstream to
the MCS allowing. The 13 aa linker sequence between the Apal restriction site and the C-
terminal 10-fold his-tag additionally contained a Tobacco Etch Virus (TEV) cleavage site
(ENLYFQS) for posttranslational removal of protein tags.

As the wildtype form of the trimeric complex is formed in the ER and transferred to the cell
membrane via the secretory pathway, prior to virus shedding, we considered that these
changes would lead to an increased expression of a soluble form of the trimeric complex,
which was still formed and modified in the ER but finally secreted into the cell supernatant via

the secretory pathway. (Huber and Compton, 1999)
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C aa 710 - 743 (C-terminal)

gH1 WT VVVDATDSRLLMMSVYALSAIIGIYLLYRMLKTC*
(TB40/E) pMT ... ...t GPGSSENLYFQSKSSHHHHHHHHHH*

A
Signal Gene \ Tag

—A L2 HCMV TB40_Glycoprotein H (UL75) I his (10x) iA—

IL-2 HCMV TB40_Glycoprotein L (UL115) Va
—#H L2 ! HCMV TB40_Glycoprotein O (UL74) 4
ﬂfq IL-2 I HCMV Towne_Glycoprotein O (UL74) Y
......... _...-\
B aa 1 - 40 (N-terminal)

gH1 WT MRPGLPFYLTVFAVYLLSHLPSQRYGADAASEALDPHAFH
(TB40/E) |L-2 ~~~MYRMQLLSCIALSLALVTINS.................

gL WT MCRRPDCGFSFSPGPVVLLWCCLLLPIVSSVAVSVAPTAA
(TB40/E) |L-2 ~~rrmrmmn~MYRMQLLSCIALSLALVINS. .........

gOlc WT MGRKEDMRSISKLFFIISLTVLLFSIINCKVVRPPGRYWL
(TB40/E) IL-2 ~~~r~~~~~~MYRMQLLSCIALSLALVTNS...........

g04 WT MGRKGEMRGVFNLFFLMSLTFLLFSFINCKIAVARFRVKS
(Towne) |L-2 ~~~~~~~~~MYRMQLLSCIALSLALVTNS...........

Figure 6: Gene structure of the subunits of the trimeric complex gH/gL/gO according to the
described changes. (A) Schematics representing the protein domains of the subunits gH1 (blue), gL
(vellow), gO1c and gO4 (green). (B) The N-terminal aa sequences positions 1 — 40 are indicated for
the respective subunits. The individual WT signal peptides (red) were replaced with the 20 aa IL-2
signal peptide (MYRMQLLSCIALSLALVTNS) to facilitate directed localization of the subunits and se-
cretion of the formed trimeric complex. (C) The C-terminal transmembrane domain and cytoplasmic
tail (aa 719 — 743) of the gH subunit were replaced with a TEV-containing linker sequence and a ten-
fold histidine-tag to promote secretion and purification of the trimeric complex.
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41.2 Expression of soluble gH1/gL/gO1c and gH1/gL/gO4

Prior to high scale production and purification, we conducted transfection experiments to see
if our DNA constructs would lead to the successful expression of the different variants of our
soluble gH/gL/gO complex. Therefore, we cultivated HEK293T and transfected them with
different plasmid combinations in order to produce gH1/gL/gO1c and gH1/gL/gO4, respec-
tively. Additionally, we conducted a control expression lacking the gO subunit, using gH1/gL
only, and a cell culture control. Transfection experiments were conducted in duplicates in at
least three independent transfection experiments.

Images were taken at intervals of 24 hours, to control the pMT7-mediated EGFP-expression
over a time span of six days (144h) (Figure 7A). For all transfection experiments, except for
the cell culture control (CC), EGFP expression was firstly controlled at 24 hours post trans-
fection (hpt) and detectable up to 144 hpt. Visual comparison of the EGFP-signal showed
similar intensity and transfection efficiency between the different plasmid combinations
throughout the incubation period of 144 hours. The cell control (CC) received treatment with
the transfection reagent only and showed no EGFP expression.

Due to the added IL-2 signal peptide and the deletion of the gH transmembrane domain,
successfully assembled trimeric complex should be secreted into the supernatant. For this
reason, we harvested the supernatant at 144 hpt and controlled protein secretion from pre-
cipitated supernatant samples via western blot using gH- and gO-specific antibodies (Figure
7B). Comparison of the gH- and gO-specific protein detection revealed clear protein bands
for the detected subunits incorporated into the trimeric gH1/gL/gO1¢c and gH1/gL/gO4 com-
plex at approximately 270 kDa. The supernatant derived from transfections with gH1/gL/gO4
exhibited an intense protein band for both, gH- and gO-specific detections. Transfections
performed with gH1/gL/gO1c exhibited only weak protein bands for both detections, suggest-
ing only little protein yields of gH1/gL/gO1c in the supernatant. Interestingly, gH1/gL transfec-
tions also led to the detection of a weak protein band migrating slightly below trimeric
gH/gL/gO complexes, which only showed upon detection with the gH-, but not with the gO-
specific antibody. For the cell control neither any gH- nor gO-related protein species was
found. From these results, we concluded that transfection of HEK293T cells with our specifi-
cally designed DNA constructs enables the expression and secretion of soluble gH1/gL/gO4.
Compared to that, the use the gO1c subunit showed hardly any presence of gH1/gL/gO1c
within the supernatant, implying insufficient production or secretion of the complex. As for the
gH1/gL-transfection, we conclude that due to the exclusive detection with the gH-specific
mAb and the migration pattern similar to that of trimeric gH/gL/gO, the detected protein band
represented the production and secretion of gH/gL-homodimer (gH/gL-gL/gH), which formed

upon the absence of the gO subunit.
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Figure 7: Expression of soluble gH1/gL/gO1c and gH/gL/gO4. (A) HEK293T cells were transfected
with DNA constructs expressing gH1, gL (TB40/E) and different gO1c/ gO4 genotypes (TB40/E and
Towne). The images represent a single transfection experiment displaying cells from the same wells in
approximately the same spots captured at intervals of 24 hours until harvest after 144 hours. Cells are
represented upon the fluorescence, phase contrast and the merge of both channels. (B) Western Blot
analysis of precipitated supernatant samples (at 144h) using gH- and gO-specific mAbs upon non-
reducing conditions. gO1c...subunit derived from HCMV TB40/E genotype, gO4 ...subunit derived
from HCMV Towne genotype, M, Marker; gH1/gL/gO-x, gO-genotype co-transfected with gH1 and gL;
CC, Control culture treated with the transfection reagent only;

4.1.3 Purification and characterization of soluble gH/gL/gO

From the results gained from test expression we decided to continue with the high-scale pro-
duction of soluble gH1/gL/gO4 (hereinafter referred to as gH/gL/gO). Supernatant derived
from seven independent transfection experiments was temporarily stored and controlled for
trimer expression via western blot using anti-his mAb, detecting the his-tagged gH subunit at
approximately 270 kDa (Supplementary Figure S5). Western blot analysis revealed that
transfected cells that reached confluence at 24 hours after cell seed (T24, T27, T28, T29 and
T30) produced more protein, than cells that reached confluence 48h after seeding (T23 and
T25).

Making use of the properties of our soluble gH/gL/gO, we set up a two-step purification pro-
tocol starting with affinity chromatography for the gH his-tag, followed by size exclusion
chromatography separating proteins by their molecular size. The collected volume of approx-
imately 1.2 L cell supernatant was first concentrated and then applied to a Ni**-sepharose
column, in order to sort out unspecific protein species within the supernatant. Absorbance
measurement (280 nm) upon detachment from the column showed the elution his-tagged
protein species between 1.5 — 10 mL. The measured peak reached a maximum absorbance
of approximately 250 mAU between 4 — 5 mL (Figure 8A). In order to sort out possibly
formed gH/gL-homodimer and other unspecific histidine-tagged or histidine-rich protein spe-
cies, a further purification step was conducted.

Size exclusion chromatography (SEC) columns contain a dextran-agarose composite matrix
utilizing small porous beads that can separate proteins according to their size. Whilst large
proteins hardly diffuse through the pores, and thus elute early, smaller proteins diffuse easier
through the pores and therefore take up more time for elution. (Cutler, 1996) Prior to protein
purification, column calibration with a high molecular weight protein standard, allowed for
approximation of an elution volume of 10.3 — 12.4 mL for proteins with a molecular mass be-
tween 440 — 158 kDa. (Supplementary Figure S6 and Supplementary Figure S7).

Fractions derived from His-affinity purification were pooled, concentrated and loaded onto a

Superdex 200 Increase 10/300 GL column with a separation range of 600 — 10 kDa. Absorb-
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ance measurement at 280 nm showed the detection of four sequential and overlapping
peaks, eluting between 7 — 18 mL (Figure 8B and Figure 8C). The first peak reached a max-
imum absorbance of approximately 105 mAU at 8.5 mL and transitioned directly into the
second peak with a maximum absorbance of approximately 60 mAU at approximately 10 mL.
The third and fourth peak shared a similar maximum absorbance of approximately 35 mAU
at 12 mL and 13.5 mL respectively. While the first and second peak were overlapping, the
third and fourth peak showed slightly higher resolutions. The detected proteins were collect-
ed in fractions of 0.5 mL, which were further pooled according to the detected peaks (dashed
frames 1 - 6; Figure 8C). The single fraction between peak 1 and peak 2 as well as peak 2
and peak 3 were not included into fraction pools since they cover the peak overlaps. Western
Blot analysis, using his- and gO-specific mAbs, revealed broad elution of the trimeric com-
plex between 7.5 — 12.5 mL. Hence, most of the trimeric complex eluted among pool one,
pool two and the fraction in between, which comprise the first two peaks of the chromato-
gram. Surprisingly, smaller unspecific his-related proteins were not detected in the later frac-
tions 4, 5 and 6 upon detection with his-specific mAb (Supplementary Figure S8). Due to the
unclear separation of the trimeric complex on the chromatogram and the expected elution
volume from the column calibration, purified gH/gL/gO derived from peak 2 was further inves-
tigated (red dashed frame/ pool 3; Figure 8C).

The purified fraction of the trimeric complex was characterized by determination of the pro-
tein concentration and analysis via SDS-PAGE and western blot. Concentration determina-
tion yielded in a total protein mass of approximately 290 ug soluble gH/gL/gO obtained from
1.2 L supernatant. Further SDS-PAGE and western blot analysis using his-, gH- and gO-
specific mAbs revealed the trimer-specific protein band at approximately 270 kDa upon non-
reducing conditions. Upon reducing conditions, the gH subunit migrated at approximately 100
kDa. The gO subunit migrated slightly above gH subunit at approximately 140 kDa (Figure
8D). The polyacrylamide gel upon reducing conditions, exhibited the gH and gO subunits and
further the gL subunit at 30 kDa (red frames; Figure 8D). Weak protein bands of unspecific
protein species were found upon non-reducing conditions at approximately 170, 60, and 40
kDa as well as 60, 45 and 40 kDa upon reducing conditions. Protein bands at the same
height as the individual subunits of the trimeric complex were assumed to be products of pro-
tein degradation.

Studies have already demonstrated the trimer-mediated inhibition of HCMV entry into HFF,
ARPE and also HUVEC cells. (Liu et al., 2018) Since we were able to produce and purify
soluble gH/gL/gO, functional testing by successful binding to PDGFRa and inhibition of
HCMYV infection marked the next step. Due to the restricted amount of purified trimer and the

essential role of the trimeric complex for fibroblast infection, the virus neutralization was sole-
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ly performed on HFF cells. Therefore, we first incubated HFF cells with serially diluted
gH/gL/gO, starting at concentrations of 20 ug/mL, and followingly infected them with a BAC-
derived HCMV TB40/E clone at an MOI of 1.0. Through a virus-incorporated luciferase re-
porter gene, expressed upon activation of the immediate early (IE) gene cascade, HFF infec-
tion could be measured. In order to exclude any buffer-related inhibition effects, an infection
control using PBS dilutions of the corresponding protein dilutions (starting at a 7.3-fold dilu-
tion), was simultaneously tested on HFF cells. Similar to published data, soluble gH/gL/gO
caused dose-dependent inhibition of HCMV infection in HFF cells, showing almost complete
inhibition at concentrations of 10 ug /mL. (Liu et al., 2018) Inhibitory concentrations of 50%
(IC50) and 90% (IC90) were determined with 261 ng/mL and 4.59 ug/mL, respectively. PBS
dilutions exhibited an average luciferase signal similar to the infection control (tick on y-axis;
Figure 8E). This supported that purified soluble gH/gL/gO could successfully inhibit HCMV

infection by functional binding and occupation of cellular PDGFRa.
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Figure 8: Purification and characterization of soluble trimeric gH/gL/gO. (A) His-affinity purifica-
tion of concentrated supernatant using a Ni2+ Sepharose matrix. Protein elution was monitored via
UV-absorbance measurement at 280 nm. Fractions of 0.5 mL were collected and pooled according to
the measured peak. (B) His-purified protein was again concentrated and separated through size ex-
clusion chromatography. Protein elution was monitored via UV-absorbance measurement at 280 nm.
(C) Magnification of SEC chromatogram (red dashed frame; Fig. 4B). Single fractions and pools, ac-
cording to the dashed frames, were controlled via western blot using his- and gO-specific mAbs. Pre-
cipitated SN of a gH/gL-transfection was loaded as control for gO-mAb specificity. (D) Purified
gH/gL/gO derived from SEC peak 2 (red dashed frame; Fig. 4C) was further characterized via Micro
BCA assay, SDS-PAGE and western blot using anti-His, anti-gH and anti-gO mAbs. Subunits of the
trimeric gH/gL/gO complex are marked in the SDS-PAGE (red frames; Fig. 4D). (E) HCMYV inhibition
assay. HFF cells treated with soluble gH/gL/gO (starting with 20 ug/mL) were infected with BAC-
derived HCMV TB40/E (luciferase clone) at MOI of 1.0. Luciferase activity was measured 24 hpi. The
grey line marks the buffer control of the inhibition assay. M, protein marker; +/-, reducing/ non-
reducing conditions of sample buffer; IC, Inhibitory concentration of a certain percentage of inhibition;
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4.2 Detection of inhibitory antibodies against gH/gL/gO in human serum
421 Establishment of a PDGFRa receptor-binding assay

Treatment of HCMV virions with soluble PDGFRa as well as treatment of target cells with
soluble gH/gL/gO, was shown to inhibit the infection of fibroblasts, endothelial and epithelial
cells, highlighting the essential role of the trimeric complex for infection. (Stegmann et al.,
2017) Particularly for fibroblasts, PDFGRa was shown to be the interacting ligand for the
trimeric complex. (Kabanova et al., 2016; Wu et al., 2017; Kschonsak et al., 2021) Taking a
closer look at this interaction, we utilized our in-house generated trimer for the establishment
of an ELISA-based receptor binding assay. In concept, recombinant human PDGFRa was
immobilized to an untreated round-bottom polystyrene surface and soluble gH/gL/gO bound
via its gO-located binding side. In the next step, receptor-bound trimer was detected via
horseradish peroxidase-conjugated (HRP) mAb binding to the histidine-tagged gH subunit.
Successful binding of the soluble trimer was quantified on the basis of the 3, 3, 5, 5-
Tetramethylbenzidine-mediated (TMB) colorimetric reaction catalyzed by the HRP. (Figure
9A).

To define the detection range of our receptor binding assay, we coated rec. hPDGFRa at
amounts of 6.25, 12.5, 25 and 50 ng, tested them with a respective amount of 12.5, 25, 50
and 100 ng of soluble gH/gL/gO and detected bound trimer with HRP-conjugated anti-his
mAb at an amount of 50 ng (yellow, red, purple and green dashed lines; Figure 9B). The ab-
sorbance (ODaso) steadily increased with the amount of PDGFRa coated. Independent from
the amount of PDGFRa coated, the absorbance remained nearly constant upon an amount
of at least 50 ng of soluble trimer. The highest absorbance was measured upon PDGFRa
coating with 50 ng. In the next step, PDGFRa coating of 50, 100 and 150 ng was tested with
equivalent amounts of soluble gH/gL/gO and detected with an adjusted amount of 10 ng
HRP-conjugated his-specific mAb. (solid orange, blue and black line; Figure 9B) Upon re-
duced antibody concentrations, the combination of 50 ng PDGFRa coating with 50 and 100
ng soluble trimer, resulted in similar absorbance when detected upon increased mAb con-
centrations (solid orange and dashed green line; Figure 9B). Compared to coating with 50 ng
PDGFRa, coating with 100 and 150 ng exhibited only slightly increased absorbance upon
binding of 50 and 100 ng soluble trimer. For all of the tested amounts of PDGFRa coating
(50, 100 and 150 ng) a respective amount of 150 ng soluble trimer led to a decreased ab-
sorbance than detected with the previous trimer concentration. Binding of soluble gH/gL/gO
upon the lack of PDGFRa coating and detection with his-specific mAb at 50 and 10 ng, re-

sulted in absorbance below the specificity threshold at any of the given trimer concentrations.
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Due to the represented data and the following analysis of human sera, we set-up a standard
protocol using excess amounts of the coating protein and the detection antibody. This proto-
col comprises coating of PDGFRa with 100 ng, binding of soluble gH/gL/gO with 50 ng and
detection 20 ng HRP-conjugated his-specific mAb.
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Figure 9: Establishment of a PDGFRa receptor-binding assay. (A) Schematic representation of
the developed PDGFRa-gH/gL/gO binding assay. Recombinant hPDGFRa was immobilized to an
untreated polystyrene surface and later exposed to soluble gH/gL/gO. Bound gH/gL/gO was detected
with HRP-conjugated anti-His mAb. (B) Different amounts of the coating and binding proteins, rec.
hPDGFRa and soluble gH/gL/gO, were tested and detected upon the use of different concentrations of
HRP-conjugated his-specific mAb, respectively. PDGFR«, Platelet-derived growth factor receptor al-
pha; HRP, horseradish peroxidase; TMB, 3, 3’, 5, 5-Tetramethylbenzidine; mAb, monoclonal antibody;

4.2.2 Serum antibody-mediated inhibition of gH/gL/gO receptor binding

Viral envelope glycoproteins usually represent the primary and most effective docking site for
neutralizing antibodies and therefore play an important role for the humoral immune re-
sponse of the adaptive immune system. Despite the essential role of the trimeric gH/gL/gO

complex for the infection of fibroblasts, epithelial cells and endothelial cells, there are only
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few reports regarding the antibody-driven immune response against the whole trimer and the
gO subunit in particular. (Wille et al., 2010; Zhou, Lanchy and Ryckman, 2015; Gerna et al.,
2016; Liu et al., 2018) A recently published study, reported about an gO-specific neutralizing
antibody that is considered an elite neutralizer, since it serves as strain-overlapping inhibitor
of HCMV infection in trimer-associated target cells. (Zehner et al., 2023)

In 2020, Tan and Chia et al. were the first to describe a surrogate virus neutralization test
(sVNT) based on SARS-CoV-2, that specifically detected serum-derived neutralizing antibod-
ies (nAbs) and in contrast to traditional neutralization tests, did not require the use of infec-
tious pathogens and handling upon strict biosafety levels. (Tan et al., 2020) In accordance to
this simplified neutralization assay, we adapted the protocol of our in-house generated recep-
tor binding assay by a preceding step, during which soluble gH/gL/gO is preincubated with
serially diluted human serum prior to addition to immobilized PDGFRa. During this step, se-
rum-derived inhibitory antibodies are able to bind the trimeric complex and inhibit receptor
binding. Thus, the absence of the colorimetric reaction caused by detection of receptor-

bound trimer indicates the presence of inhibitory antibodies (iAbs) (Figure 10).
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Figure 10: Serum antibody-mediated binding Inhibition of soluble gH/gL/gO to PDGFRa.
Prior to the addition to the PDGFRa-coated surface, serial dilutions of human sera were preincubated
with soluble gH/gL/gO. Receptor-bound gH/gL/gO was detected with HRP-conjugated anti-His mAb,
whereas iAb-bound gH/gL/gO would not be able to bind to the coated PDGFRa. PDGFRe, Platelet-
derived growth factor receptor alpha; iAb, inhibitory antibody;, HRP, horseradish peroxidase; TMB, 3,
3’, 5, 5-Tetramethylbenzidine; mAb, monoclonal antibody;

In order to subject our receptor-binding assay and determine its specificity and sensitivity, we
obtained sera derived from 21 healthy individuals, taken in the course of TBE- and HBV-
specific antibody titer determination. The samples were retested for HCMV-specific IgG titers
and thereby assigned into two groups.

HCMV seropositive individuals (n = 9) exhibited HCMV-specific IgG antibody concentrations
above the assay-related detection limit (>200 RU/mL; Figure 11A), indicating infection far

back in time. HCMV-specific IgG antibody concentrations below the cutoff range of <20
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RU/mL (grey area; Figure 11A) were assigned as HCMV seronegative individuals (1.99 —
4.74 RU/mL), which had not experienced a HCMV infection so far. As inhibition control, solu-
ble gH/gL/gO was preincubated with Cytotect®CP (Biotest), an HCMV-specific IgG antibody
preparation with a concentration of 50 mg/mL, which is used for the treatment and prevention
of HCMV infection and reactivation. (Alsuliman et al., 2018) HCMV seropositive sera and the
Cytotect®CP control were tested in form of a two-fold serial dilution, ranging from four- to
512-fold dilutions. Due to the lack of HCMV-specific IgG antibodies, seronegative-defined
sera were tested at higher serum concentrations only, using a range of four- to 32-fold dilu-
tions. The Cytotect®CP inhibition-control and HCMV seropositive individuals, exhibited bind-
ing inhibition in a dose-dependent manner (Figure 11C). Thereby, not all individuals reached
a total inhibition and showed different inhibition efficiencies, given by the varying inhibitory
concentrations of 50% (IC50). The seronegative samples in contrast, showed no inhibition
(Figure 11B). Compared to the IC50 of the Cytotect®CP control (52.5 -fold dilution), three
seropositive samples exhibited higher IC50 values, indicated higher inhibition efficiency
(Figure 11D).

With this initial analysis, we demonstrated the functionality of gH/gL/gO-inhibitory assay as
well as the inhibitory effect, exclusively mediated by highly seropositive serum samples,

which is most likely attributed to the presence of inhibitory antibodies in the human sera.
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Figure 11: Comparison of serum antibody-mediated binding inhibition of gH/gL/gO to PDGFR«x
between HCMV seropositive and seronegative samples as well as Cytotect®CP.
(A) HCMV IgG antibody concentrations within serum samples were determined upon use of Euroim-
mun Cytomegalovirus IgG ELISA-test kit (EI 2570-9601 G). Comparison of the different serum sam-
ples showed that antibody concentrations in seronegative samples did not exceed the cutoff range
(grey area), whereas seropositive samples (red) revealed antibody concentrations above the detection
limit. (B and C) Serum antibody-mediated binding inhibition by seronegative samples (n = 12) as well
as seropositive samples (n = 9) and Cytotect®CP (black dashed) were tested in form of two-fold serial
dilutions, ranging from 4 — 32-fold and 4 — 512-fold dilutions, respectively. Serum samples that exhibit-
ed dose-dependent inhibition are represented in form of a dose-response curve (variable slope) gen-
erated via non-linear regression analysis using GraphPad Prism software. The inhibitory concentration
of 50% (IC50; dashed line) and the inhibition cutoff (& seronegative + 3x SD) are indicated (grey ar-
ea). (D) Delta of the IC50 of HCMV seropositive individuals in reference to the Cytotect®CP inhibition
control.

The early recognition of a primary HCMV infection plays an essential role for the treatment
and monitoring, especially in the course of pregnancy. The current gold standard for the dif-
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ferentiation between a recent and past HCMV infection relies on the determination of the
HCMV-specific IgG antibody avidity, which usually matures in a course between three to six
months after primary infection, but shows individual maturation-rates for HCMV-specific anti-
bodies. Moreover, high IgG avidity has been shown to correlate with high neutralization effi-
ciency. (Boppana and Britt, 1995).

Here we wanted to see, if our in-house generated gH/gL/gO inhibition assay was consistent
with the literature and could detect differences in the inhibition efficiency between sera of
high and low HCMV-specific IgG avidity. Therefore we tested a cohort comprising a total of
20 serum samples derived from healthy and HCMV seropositive individuals. Prior determina-
tion of the avidity index (Al) led to the further differentiation of the cohort into ten high avid
and ten low avid serum samples. Comparison of the HCMV-specific IgG concentrations be-
tween low Al (66 — 190 RU/mL, Median 112) and high Al individuals (96 — 191 RU/mL, Medi-
an 147.5) showed no significant difference between the two groups. (Figure 12A). Serum
samples assigned with high Al as well as samples assigned with low Al, and the Cyto-
tect®CP control, were tested in two-fold serial dilution, ranging from four- to 512-fold dilu-
tions. Similar to HCMV seropositive sera from prior observation, all HCMV seropositive indi-
viduals with high Al exhibited binding inhibition in a dose dependent manner. (Figure 12C)
Similarly, the observed inhibition efficiency between individuals differed, as seen on the basis
of the total inhibition and the compared IC50 (Figure 12D). The Cytotect®CP inhibition con-
trol, again revealed an inhibition efficiency between those of high avid individuals (Figure
12C).

With these results, we showed again that serum-mediated binding inhibition of the HCMV
gH/gL/gO complex to PDGFRa receptor exists in HCMV infected individuals. Moreover, we
observed that this inhibitory response depends on the IgG antibody avidity, implying that re-

lated iAbs arise in the course of antibody affinity maturation.
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Figure 12: Comparison of serum antibody-mediated binding inhibition of gH/gL/gO to PDGFR«x
between HCMV seropositive individuals of low and high HCMV-specific IgG avidity index and
Cytotect®CP. (A) HCMV IgG antibody concentrations within serum samples were determined upon
use of Euroimmun Cytomegalovirus IgG ELISA-test kit (El 2570-9601 G). Comparison of the different
serum samples showed that antibody concentrations in samples of low avidity (green) as well as high
avidity (red) samples were similarly distributed above the cutoff range (grey area). (B and C) Serum
antibody-mediated binding inhibition by low avid sera (n = 10), high avid sera (n = 10) and Cyto-
tect®CP (black dashed) were tested in a two-fold serial dilution, ranging from 4 — 512-fold dilutions.
Serum samples that exhibited dose-dependent inhibition are represented in form of a dose-response
curve (variable slope) generated via non-linear regression analysis using GraphPad Prism software.
The inhibitory concentration of 50% (IC50; dashed line) and the inhibition cutoff (& seronegative + 3x

SD) are indicated (grey area). (D) Difference of the IC50 of HCMV IgG high avidity sera compared to
Cytotect®CP.
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4.2.3 Retrospective detection of inhibitory antibodies upon IgG avidity

maturation

Antibody avidity is the measurable overall binding strength of antibodies that individually in-
creases in the course of antibody affinity maturation within the first four to six months after
primary infection. (Eisen and Siskind, 1964; Blank, Leslie and Clem, 1972) Conventional as-
says distinguish between a low avidity index and a high avidity index, but leave out an unde-
fined threshold range in between, which in the following is referred to as intermediate avidity.
(Bodéus, Feyder and Goubau, 1998; Prince and Lapé-Nixon, 2014) Due to the correlation
between high neutralization efficiency and high avidity, this threshold range remains elusive
for the predictive protection from vertical transmission provided by maternal antibodies during
pregnancy. (Boppana and Britt, 1995) Since our data indicates that gH/gL/gO-specific iAbs
against receptor binding emerge late after primary infection, upon high 1gG avidity, we won-
dered if our assay could further be utilized to track down the generation of those antibodies
and narrow down the threshold range between the low and high avidity index.

For this pilot study, we retrospectively analyzed up to four sequential serum samples from six
different patients that were assigned with either low (n = 4) or intermediate (n = 2) avidity
index at a specific point in time (ty). Patients were considered as healthy, since they did not
suffer from any immunocompromising illness. Additionally to the sequential serum samples
of each patient, a Cytotect®CP control was tested in a four- to 512-fold serial dilution. Of
note, absorbance measurement onwards from the 32-fold dilutions of serum samples and
Cytotect®CP exhibited higher signaling than the binding controls (HCMV seronegative con-
trol and binding control). Due to the insufficient signaling from the positive binding control, the
calculated inhibition also covered values within the advanced negative range, which still al-
lowed for a clear interpretation of true inhibition, but not for an exact comparison of the inhibi-
tion efficiency (Supplementary Figure S9 and Supplementary Figure S10).

Patients A — D provided sequential serum samples that allowed for a follow-up on IgG avidity
maturation from low avidity to either intermediate or high avidity, covering an overall time
span of 59 weeks (Figure 13). The results on the binding inhibition, gained from the individual
serum samples, was further compared to data regarding HCMV-specific IgG avidity, IgM and
IgG titers in order to identify certain factors involved into the generation of iAbs (Table 10).
Investigation of the IgG avidity maturation in patient A comprised a period of 55 weeks, with
serum samples tested at three weeks prior as well as 36, 49 and 52 weeks after fp. By week
36, the HCMV-specific IgG avidity index had shifted from low to high IgG avidity and the
HCMV-specific IgM concentrations decreased below the detection point (Patient A; Figure 13

and Table 10). Tested serum samples from week 36 onwards revealed a dose-dependent
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and similarly efficient inhibition of gH/gL/gO, with an average IC50 at a 17.6-fold dilution. (Pa-
tient A; Supplementary Figure S9).

For patient B the investigation period covered 48 weeks, whereby seven weeks prior to f, the
patient had still been naive to HCMV infection. Further serum samples tested for inhibition
derived from six and 41 weeks after f,. During this 41-week period, IgG avidity had shifted
from low to intermediate avidity at week 6 and from intermediate to high avidity at week 41.
HCMV-specific IgM antibodies were present from fo up to week 41. (Patient B; Figure 13 and
Table 10) None of the tested serum samples exhibited gH/gL/gO-specific binding inhibition.
(Patient B; Supplementary Figure S9)

Avidity maturation for patient C was observed for a period of 16 weeks with serum samples
tested from one week before as well as two, three and 15 weeks after t,. At week 15, the
avidity index shifted from low to intermediate IgG avidity and HCMV-specific IgM antibodies
were still detectable (Patient C; Figure 13 and Table 10). The tested serum samples of pa-
tient C showed no inhibition within the observed period (Patient C; Supplementary Figure
S9).

Data regarding patient D comprised a period of 13 weeks, with sera tested for inhibition at
one, twelve and 13 weeks after t,. Avidity index shifted from low to intermediate IgG avidity at
week 13. HCMV-specific IgM antibodies remained detectable throughout the whole period
(Patient D; Figure 13 and Table 10). The tested sera from patient D did not exhibit binding
inhibition (Patient D; Supplementary Figure S9).

The preliminary data suggested that after a recent primary infection, the development of iAbs
against gH/gL/gO-receptor binding took up to several months in patient A, until a high IgG

avidity had been established and no IgM antibodies were detectable anymore.

51



Timeline from low avidity ({y)

~ |gG intermediate avidity
4 1gG high avidity

Patient A ' v -,l'- .
Patient B - ~ ¥
Patient C vw— i v
Patient D —
e .ta. S P S

tweeks

Figure 13: Retrospective analysis of sequentially taken serum samples of different patients
upon avidity maturation. The timeline represents the time passed after determination of low IgG
avidity (to) for patients A - D in weeks. Serum antibody-mediated inhibition of gH/gL/gO was tested for
available serum samples (grey triangles) from before and after low avidity determination. Changes in
IgG avidity are indicated (red symbols). ~, intermediate IgG avidity; +, high IgG avidity;
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Table 10: Development of serum antibody-mediated inhibition against gH/gL/gO-PDGFRa bind-
ing in patients followed from HCMV-specific low IgG avidity (ts). The generation of iAbs within
individual patients was investigated upon the course of IgG avidity maturation from low avidity. Serum
analysis further provided information about the changes regarding the presence of IgG and IgM anti-
bodies in the course of IgG avidity maturation.

Patient ID  t(weeks)? IgG AVTP IgG°® Iigm¢ iAbs (IC50)®
-3 ND ND ND -(-)
to Low + o ND

A 36 High + - +(19.1)
49 High e ND +(17.7)
52 High + ND +(15.9)
-7 ND ND ND -(-)
to Low + + ND

B 6 Intermediate + + - ()
41 High + + - ()
-1 ND ND ND -(-)
to Low + o ND

C 2 Low + + -(-)
3 Low + + - (=)
15 Intermediate ND ND - (=)
to Low + + ND

5 1 Low + + -(-)
12 Low + + - (=)
13 Intermediate + + -(-)

Abbreviations: ID, identification; t, time (in weeks); iAbs, inhibitory antibodies; IC50, inhibitory concen-
tration at 50%; IgG, Immunoglobulin G; AVT, avidity; IgM, Immunoglobulin M; to, time at primary low
I9G avidity determination; ND, no data/ not determined; *, not tested for inhibition;

@ Weeks passed after primary low avidity determination

b HCMV-specific IgG avidity determined with the Euroimmun Cytomegalovirus (CMV) avidity determi-
nation ELISA-test kit (El 2570-9601-1 G).

¢ Presence of HCMV-specific IgG antibodies was determined with the Euroimmun Cytomegalovirus
(CMV) ELISA-test kit (El 2570-9601 G)

4 Presence of HCMV-specific IgM antibodies was determined with the Euroimmun Cytomegalovirus
(CMV) ELISA-test kit (El 2570-9601 M)

¢ Results gained from inhibition assay of individual serum samples from patients interpreted as pres-
ence of inhibitory antibodies and the determined IC50 value (fold dilution).

Patient E and patient F were followed from the primary detection of intermediate avidity,
whereby the tested serum samples covered a total period of 30 weeks from t, away (Figure

14 and Table 11). Despite of several months passed, none of the patients revealed a shift in
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the avidity index to high IgG avidity, allowing for the more detailed investigation of iAb gener-
ation within the intermediate avidity phase.

The investigation of the IgG avidity maturation within Patient E covered a period of 15 weeks,
with serum samples tested at t, as well as one and 14 weeks after t, (Patient E; Figure 14
and Table 11). HCMV-specific IgM titers were not detected at any point since fo. Although the
tested sera from patient E showed no binding inhibition beyond the cutoff range, a trend to-
wards inhibition was observed at increased serum concentrations at week 15. (Patient E;
Supplementary Figure S10)

For patient F, the tested sera covered a period of 29 weeks, including samples from £, as well
as three, ten and 29 weeks after t, (Patient F; Figure 14 and Table 11). HCMV-specific IgM
antibody titers decreased to a threshold value in the course of three to ten weeks. Inhibition
of gH/gL/gO receptor binding was not observed for any of the serum samples. (Patient F;
Supplementary Figure S10)

Although patients E and F had prolonged phases of intermediate avidity, the generation of
iAbs could not be observed. Overall, the collected data of all patients suggested that the
generation of iAb effectively inhibiting gH/gL/gO-specific receptor binding takes place late

after primary infection during the final stage of IgG avidity maturation.

Timeline from intermediate avidity (%)

Patient E —
Patient F — 5 v
-10 tO 10 20 30 40 50 60

tNeeks

Figure 14: Retrospective analysis of sequentially taken serum samples upon avidity matura-
tion. The timeline represents the time passed after determination of intermediate IgG avidity (to) for
patients E and F in weeks. Serum antibody-mediated inhibition of gH/gL/gO was tested for available
serum samples (grey triangles) from before and after intermediate avidity determination.

54



Table 11: Development of serum antibody-mediated inhibition against gH/gL/gO-PDGFRa bind-
ing in patients followed from HCMV-specific intermediate IgG avidity (to). The generation of iAbs
within individual patients was investigated upon the course of IgG avidity maturation from intermediate
avidity. Serum analysis further provided information about the changes regarding the presence of IgG
and IgM antibodies in the course of intermediate IgG avidity.

Patient ID  t(weeks)? IgG AVTP IgG°® Iigm¢ iAbs (IC50)®
to Intermediate + - -(-)
E 1 Intermediate + - -(-)
15 Intermediate ND ND ~(-)
to Intermediate + + - (=)
3 Intermediate + + - ()
- 10 Intermediate + ~ -(-)
29 Intermediate + ~ -(-)

Abbreviations: ID, identification; t, time (in weeks); iAbs, inhibitory antibodies; IC50, inhibitory concen-
tration at 50%; IgG, Immunoglobulin G; AVT, avidity; IgM, Immunoglobulin M; to, time at primary low
I9G avidity determination; ND, no data/ not determined;

@ Weeks passed after primary intermediate avidity determination

b HCMV-specific IgG avidity determined with the Euroimmun Cytomegalovirus (CMV) avidity determi-
nation ELISA-test kit (El 2570-9601-1 G).

¢ Presence of HCMV-specific IgG antibodies was determined with the Euroimmun Cytomegalovirus
(CMV) ELISA-test kit (El 2570-9601 G)

9 Presence of HCMV-specific IgM antibodies was determined with the Euroimmun Cytomegalovirus
(CMV) ELISA-test kit (El 2570-9601 M)

¢ Results gained from inhibition assay of individual serum samples from patients interpreted as pres-
ence of inhibitory antibodies and the determined IC50 value (fold dilution).
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Discussion

The important role of the trimeric gH/gL/gO glycoprotein complex, mediating viral entry into
the maijority of target cells, suggests it as an favorable target for the nAb response. (Ciferri,
Chandramouli, Donnarumma, et al., 2015) Similar to antibodies that bind the receptor-
accessory subunits UL128-131A of the pentameric complex, antibodies targeting the gO-
subunit or at least inhibit PDGFRa receptor-binding could be considered highly potent neu-
tralizers, but need to overcome the gO-related sequence variability, in order to provide strain-
overlapping immunity. (Rasmussen et al., 2002; Ciferri, Chandramouli, Leitner, et al., 2015;
Cui et al., 2017; Day et al., 2020; He et al., 2022) Here, we aimed at the generation of solu-
ble gH/gL/gO using the gH1 as well as the distinct gO1c and gO4 genotypes from the HCMV
strains TB40/E (gH1, gO1c) and Towne (gO4). Next, we applied soluble gH1gLgO4 in an
ELISA-based assay to investigate the serum antibody-mediated inhibition of PDGFRa recep-
tor binding.

Here we showed that expression of soluble gH/gL/gO and secretion into the supernatant can
be achieved through the deletion of the TM-domain of the gH subunit and the use of a N-
terminal IL-2 signal peptide within the individual subunits. Fluorescence emitted by EGFP-
reporter gene within the pMT7 vector backbone, indicated the successful uptake of the DNA
into HEK293T cells through transient transfection. While soluble trimeric gH/gL/gO utilizing
the HCMV Towne-derived gO4 subunit was clearly detectable within the supernatant, the co-
transfection of gH1 and gL with the TB40/E-derived gO1c subunit revealed only minimal pro-
duction of trimer. Due to the successful generation of gH1/gL/gO4 as well as the detection of
at least small amounts of gH1/gL/gO1c and gH/gL-homodimer in the supernatant, we had
concluded that not the expression and formation of the gH/gL-core dimer nor the secretion of
the complex, but rather the expression of the gO1c subunit or the assembly with the gH/gL-
core dimer posed a problem during trimer production.

Expression of soluble trimeric complex was performed throughout multiple studies, recording
different combinations of gH and gO genotypes. (Ciferri, Chandramouli, Donnarumma, et al.,
2015; Ciferri, Chandramouli, Leitner, et al., 2015; Schultz et al., 2016, 2021; Liu et al., 2018;
J. Liu et al., 2021; Kschonsak et al., 2021) In 2022, Ai et al. produced trimeric gH/gL/gO in a
similar set-up using the gH1 and gO1c subunit derived from the HCMV VR1814 strain, which
both share 99.9% and 100% sequence similarity with the gH1 and gO1c sequences of the
TB40/E strain, respectively. For the secretion of the complex they used the wildtype se-
quences of gL, gO1c and a truncated version of the gH1 sequence, encoding only the extra-
cellular domain (aa 1 - 715). (Ai et al., 2022) Liu et al. additionally added a vascular endothe-

lial growth factor (VEGF) signal peptide to each subunit in order to promote secretion of the
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formed complex. (Liu et al., 2018) For our approach, we also used a truncated version of the
gH1 subunit (aa 24 - 718), lacking the transmembrane domain and the cytoplasmic tail and
exchanged the wildtype signal peptide sequence of the individual subunits gH1, gL, gO1c
and gO4 with the signal peptide of the secretory Interleukin-2 protein. (Robb et al., 1984) For
the TB40/E- and Towne-derived gO1c and gO4 subunits, the wildtype signal peptides (aa 1 —
29) exhibited a sequence similarity of 65.5%. Although the exchange of the signal peptide did
not affect the expression of the trimeric complex upon the use of the gO4 genotype, it might
have caused an alteration in the glycosylation pattern or misfolding of the gO1c genotype,
which followingly may lead to the degradation of the subunit and explain the hampered for-
mation as well as the low secretion of trimeric gH1/gL/gO1c.

The formation and initial glycosylation of the trimeric complex is described to take place with-
in the ER, while the final modification of the gO subunit happens within the Golgi-apparatus
on the way to the cell membrane through the secretory pathway. (Huber and Compton, 1999;
Theiler and Compton, 2002) In 2015 and 2018 Li et al. and Nguyen et al. described gO as
constitutive substrate of the endoplasmic reticulum associated degradation (ERAD) for the
identification of the viral cofactor UL148, which supports trimer formation upon inhibition of
ERAD-stimulating factor SEL1L. (Li et al., 2015; Nguyen et al., 2018) Further investigations
discovered that UL116 acts as a chaperone for the gH subunit that is involved in the assem-
bly and incorporation of the gH/gL-complexes into the virion. UL116 was also shown to inter-
act with UL148 and protect gH from ERAD-associated degradation. (Siddiquey et al., 2021;
Vezzani et al., 2021) This data further fits to the observed abundancies of gH/gL-complexes
among HCMV strains expressing different gO isoforms. (Zhou et al., 2013) Considering the
difficulties we experienced upon the recombinant expression of gH1gLgO1c, but not
gH1gLgO4, we speculated that trimer expression and formation using certain gO-genotypes,
depends on the co-expression of specific cofactors, which are present upon natural infection.
Upon absence of the gO subunit, we observed the production and secretion of gH/gL-
homodimeric complex. However, compared to the amounts of trimeric complex in form of
gH1/gL/gO4, the gH/gL-homodimer was detected to a clearly lesser amount in the superna-
tant. Together with the data obtained by Wille et al. in 2010, our results supported the pro-
moting role of the gO-subunit during the export of the assembled gH/gL-complex from the
ER. (Wille et al., 2010) Additionally, Vanarsdall et al. showed that co-expression of gH/gL
together with gO, derived from the HCMV TR strain (gO1b), led do an increased transport of
gH/gL into the cellular Golgi compartment, whereas absent of the gO subunit led to retention
of gH/gL within the ER. (Vanarsdall, Chase and Johnson, 2011) This suggests that produc-

tion of gH/gL-homodimeric complex upon the co-expression with the gO4 subunit, and hence
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the generation of gH1gLgO4 trimeric complex, would remain at a minimum and if not com-
pletely absent and thus should not interfere with the trimer production.

In order to understand the dynamics of trimer expression and the role of the gO-genotypes
for the assembly, further transfection-experiments investigating different combinations of gH-
and gO-variants, as well as the co-expression with the viral cofactors UL148 and UL116,
would need to be conducted.

Purification of the trimeric complex was achieved through two-step protocol, comprising affin-
ity- and size exclusion-chromatography. Affinity chromatography through the histidine-tagged
gH subunit allowed for the extraction of the trimeric complex from the supernatant as well as
the detection of trimeric complex without interfering with the receptor-binding site. Although
often described among the literature, affinity purification through a gO-associated protein-tag
was not taken into consideration, since the occupation and thus the impact on receptor bind-
ing was unpredictable, especially upon the use of different gO-genotypes. (Ciferri,
Chandramouli, Donnarumma, et al., 2015; Liu et al., 2018) Since gH-associated purification
could not prevent the co-purification of an eventually produced gH/gL-homodimer, we intro-
duced size exclusion chromatography as a second purification step. Although the protein
standard tested upon size exclusion chromatography predicted an approximate elution vol-
ume between 10.3 — 12.4 mL, trimeric complex eluted prematurely, which could be caused
by the steric size of the complex acquired by its high glycosylation level. (Huber and
Compton, 1999; Kschonsak et al., 2021) Moreover, the elution comprised the first two peaks
of the chromatogram, which implied the presence of differently sized protein species, both
containing trimeric gH/gL/gO. According to the protein standard, the second peak was as-
signed to contain proteins of the size of trimeric gH/gL/gO. Thus, we suggested that the first
peak fraction contained a dimerized gH/gL/gO particles, like those observed by Kschonsak et
al. (Kschonsak et al., 2021) In order to further investigate this instance and to prevent com-
plex dimerization, future purification experiments need to be performed upon buffer supple-
mentation with detergent. The two-step chromatography allowed for the purification of a total
amount of 290 ug of soluble trimer in the end. At this point it has to mentioned that not all
transfection experiments worked to the fullest efficiency, leading to decreased production
and hence decreased protein yield receivable from 1.2L supernatant.

Furthermore, we were able to use our in-house generated trimer to develop a PDGFRa re-
ceptor binding assay that specifically detected bound gH/gL/gO and generated hardly any
background noise. Pre-incubation of gH/gL/gO with human sera further enabled the detection
of inhibitory antibodies that could prevent PDGFRa binding. By comparing serum derived
from seronegative and seropositive individuals as well as seropositive individuals of similar
HCMV-specific 1gG titers but different IgG avidity, we observed that inhibition of gH/gL/gO-
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PDGFRa binding was exclusively found in HCMV seropositive individuals of high IgG avidity
index, independently from the IgG titers. Interestingly, the Cytotect®CP control exhibited in-
hibition of PDGFRa binding in a dose-dependent manner similar to those of the seropositive
samples, with an IC50 in between those of the different seropositive sera. Since the total IgG
concentration is described with 50 mg/mL, our results indicate that only a small fraction of the
Cytotect®CP-contained IgG antibodies provided inhibition against gH/gL/gO-PDGFRa bind-
ing. This again would correspond to the lower neutralization efficiency in fibroblasts, com-
pared to endothelial and epithelial cells, provided by Cytotect®CP. (Cui et al., 2008) The in-
creased inhibition potential of some seropositive individuals compared to Cytotect®CP there-
fore suggests that these individuals could also exhibit increased viral neutralization. Still, it
remains difficult to draw conclusions regarding the inhibition quality of antibodies from certain
individuals, as on the one hand the IC50 values provide a good indicator, but total inhibition
was not always achieved. Thus, our assay allows a clear prediction of the presence of inhibi-
tory antibodies against gH/gL/gO-PDGFRa binding, but only an approximate indication of the
quality of the present iAbs. However, upon possible correlation of the data received by our
assay and in-vitro-determined neutralization titers, our assay may provide a quick and broad
screening method for the detection of eventually potent neutralizers (elite neutralizers), with-
out the time-intensive and careful operating with infectious HCMV particles in the cell culture.
The investigation of sequential serum samples revealed that trimer-specific iAbs appear late
after primary infection in the course of avidity maturation, whereby only patients of high 1gG
avidity seemed to bring up an inhibitory response. Similar to our observation, highly potent
nAbs targeting the receptor-accessory UL128-UL131A subunits also emerge late after prima-
ry infection. (Furione et al., 2013; Lilleri et al., 2013) Interestingly, one patient reaching the
high IgG avidity index within a similar time frame, did not exhibit any inhibitory response. Ad-
ditionally to this, no inhibitory response could be detected among patients with prolonged
intermediate avidity phase. From this, we concluded that the development of iAbs that target
the trimeric complex and hence potentially neutralize HCMV entry, arise in the course of an-
tibody affinity and avidity maturation late after primary HCMV infection. The time required for
antibody maturation to high IgG avidity in turn probably depends on several factors such as
positive selection of antigen-specific B-cells through frequent pathogen exposure, the pa-
tient's state of health, immunoregulatory factors and, of course, individual genetic factors.
(Lutz, Ward and Gray, 1994; Lazzarotto et al., 1998)

Curiously, although we were not able to compare the mediated binding inhibition between the
gO4 and the gO1c variants, it seemed that all of the tested individuals, except for one, gen-
erated inhibitory antibodies against gH1/gL/gO4 upon high avidity. The further investigation

with other gO variants and the comparison between risk groups and healthy individuals could
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provide information on whether a cross-protective immune response is acquired after HCMV
infection regardless of the strain or whether a lack of these antibodies could play a role in

the activation and transmission of HCMV.
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6 Table of Figures

Figure 1: HCMV virion structure. Simplified illustration of a HCMV virus particle highlighting
the structural features (left) and the HCMV-related glycoprotein complexes gM/gN, gB,
gH/gL/gO and gH/gL/UL128-131 embedded within the viral envelope (right)...........ccccvveee.... 4

Figure 2: HCMV cell entry pathways. Simplified illustration of the HCMV cell entry
mediated by the pH-independent or pH-dependent pathway, which in turn are activated by
binding of the trimeric gH/gL/gO (left) and pentameric gH/gL/UL128-131A complexes (right),

FESPECTIVEIY. ..o e e e e e et e e e e e e e e e e e e e e 7

Figure 3: Electron-microscopic structure of the trimeric gH/gL/gO complex. Image from
the RCSB PDB (RCSB.org) of PDB ID 7LBF (Kschonsak et al., 2021) (A) Front view of
HCMV gH/gL/gO trimeric complex (shown in ribbon). (B) Front view of HCMV gH/gL/gO

Trimer complex (shown in ribbon) bound 10 PDGFRAQ. .......c..eoiiiiiiiiiiiie e 11

Figure 4: Electron-microscopic structure of the trimeric gH/gL/gO complex with
reported nAbs. Image from the RCSB PDB (RCSB.org) of PDB ID 7LBF (Kschonsak et al.,
2021) and 8TCO (Zehner et al., 2023) (A) Front view of HCMV gH/gL/gO trimeric complex
(shown in ribbon) bound to neutralizing Fabs 13H11 (orange) and MSL-109 (yellow). (B)
Front view of HCMV gH/gL/gO Trimer complex (shown in ribbon) bound to neutralizing Fabs
CS2IH1P2_F7K (MAGENTA). ..eeiiiiiiiieeiitiie ettt ettt e et e e e e aa e e e e nnaeee s 15

Figure 5: Graphical illustration of the workflow established in the course of this master
thesis. (Step 1) Production of recombinant and soluble gH/gL/gO utilizing different gO
variants using HEK293T cells. (Step 2) Establishment of a PDGFRa-binding assay and
analysis of serum-antibody mediated inhibition using priorly produced gH/gL/gO................. 17

Figure 6: Gene structure of the subunits of the trimeric complex gH/gL/gO according
to the described changes. (A) Schematics representing the protein domains of the subunits
gH1 (blue), gL (yellow), gO1c and gO4 (green). (B) The N-terminal aa sequences positions 1
— 40 are indicated for the respective subunits. The individual WT signal peptides (red) were
replaced with the 20 aa IL-2 signal peptide (MYRMQLLSCIALSLALVTNS) to facilitate
directed localization of the subunits and secretion of the formed trimeric complex. (C) The C-

terminal transmembrane domain and cytoplasmic tail (aa 719 — 743) of the gH subunit were
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replaced with a TEV-containing linker sequence and a ten-fold histidine-tag to promote

secretion and purification of the trimeric COMPIEX. ..........cooviiiiiiiiiiiee e 36

Figure 7: Expression of soluble gH1/gL/gO1c and gH/gL/gO4. (A) HEK293T cells were
transfected with DNA constructs expressing gH1, gL (TB40/E) and different gO1c/ gO4
genotypes (TB40/E and Towne). The images represent a single transfection experiment
displaying cells from the same wells in approximately the same spots captured at intervals of
24 hours until harvest after 144 hours. Cells are represented upon the fluorescence, phase
contrast and the merge of both channels. (B) Western Blot analysis of precipitated
supernatant samples (at 144h) using gH- and gO-specific mAbs upon non-reducing
conditions. gO1c...subunit derived from HCMV TB40/E genotype, gO4 ...subunit derived
from HCMV Towne genotype, M, Marker; gH1/gL/gO-x, gO-genotype co-transfected with
gH1 and gL; CC, Control culture treated with the transfection reagent only; .................cec... 39

Figure 8: Purification and characterization of soluble trimeric gH/gL/gO. (A) His-affinity
purification of concentrated supernatant using a Ni2+ Sepharose matrix. Protein elution was
monitored via UV-absorbance measurement at 280 nm. Fractions of 0.5 mL were collected
and pooled according to the measured peak. (B) His-purified protein was again concentrated
and separated through size exclusion chromatography. Protein elution was monitored via
UV-absorbance measurement at 280 nm. (C) Magnification of SEC chromatogram (red
dashed frame; Fig. 4B). Single fractions and pools, according to the dashed frames, were
controlled via western blot using his- and gO-specific mAbs. Precipitated SN of a gH/gL-
transfection was loaded as control for gO-mAb specificity. (D) Purified gH/gL/gO derived from
SEC peak 2 (red dashed frame; Fig. 4C) was further characterized via Micro BCA assay,
SDS-PAGE and western blot using anti-His, anti-gH and anti-gO mAbs. Subunits of the
trimeric gH/gL/gO complex are marked in the SDS-PAGE (red frames; Fig. 4D). (E) HCMV
inhibition assay. HFF cells treated with soluble gH/gL/gO (starting with 20 pg/mL) were
infected with BAC-derived HCMV TB40/E (luciferase clone) at MOI of 1.0. Luciferase activity
was measured 24 hpi. The grey line marks the buffer control of the inhibition assay. M,
protein marker; +/-, reducing/ non-reducing conditions of sample buffer; IC, Inhibitory

concentration of a certain percentage of inhibition; ..., 42

Figure 9: Establishment of a PDGFRa receptor-binding assay. (A) Schematic
representation of the developed PDGFRa-gH/gL/gO binding assay. Recombinant hPDGFRa
was immobilized to an untreated polystyrene surface and later exposed to soluble gH/gL/gO.

Bound gH/gL/gO was detected with HRP-conjugated anti-His mAb. (B) Different amounts of

75



the coating and binding proteins, rec. hPDGFRa and soluble gH/gL/gO, were tested and
detected upon the use of different concentrations of HRP-conjugated his-specific mAb,
respectively. PDGFRa, Platelet-derived growth factor receptor alpha; HRP, horseradish
peroxidase; TMB, 3, 3', 5, 5'-Tetramethylbenzidine; mAb, monoclonal antibody; ................. 44

Figure 10: Serum antibody-mediated binding Inhibition of soluble gH/gL/gO to
PDGFRa. Prior to the addition to the PDGFRa-coated surface, serial dilutions of human sera
were preincubated with soluble gH/gL/gO. Receptor-bound gH/gL/gO was detected with
HRP-conjugated anti-His mAb, whereas iAb-bound gH/gL/gO would not be able to bind to
the coated PDGFRa. PDGFRa, Platelet-derived growth factor receptor alpha; iAb, inhibitory
antibody; HRP, horseradish peroxidase; TMB, 3, 3’, 5, 5-Tetramethylbenzidine; mAb,

MONOCIONAl ANtIDOAY; ..ooiiieieiei e 45

Figure 11: Comparison of serum antibody-mediated binding inhibition of gH/gL/gO to
PDGFRa between HCMV seropositive and seronegative samples as well as
Cytotect®CP. (A) HCMV IgG antibody concentrations within serum samples were
determined upon use of Euroimmun Cytomegalovirus IgG ELISA-test kit (El 2570-9601 G).
Comparison of the different serum samples showed that antibody concentrations in
seronegative samples did not exceed the cutoff range (grey area), whereas seropositive
samples (red) revealed antibody concentrations above the detection limit. (B and C) Serum
antibody-mediated binding inhibition by seronegative samples (n = 12) as well as
seropositive samples (n = 9) and Cytotect®CP (black dashed) were tested in form of two-fold
serial dilutions, ranging from 4 — 32-fold and 4 — 512-fold dilutions, respectively. Serum
samples that exhibited dose-dependent inhibition are represented in form of a dose-response
curve (variable slope) generated via non-linear regression analysis using GraphPad Prism
software. The inhibitory concentration of 50% (IC50; dashed line) and the inhibition cutoff (&
seronegative + 3x SD) are indicated (grey area). (D) Delta of the IC50 of HCMV seropositive

individuals in reference to the Cytotect®CP inhibition control..............ccccooiiiie 47

Figure 12: Comparison of serum antibody-mediated binding inhibition of gH/gL/gO to
PDGFRa between HCMV seropositive individuals of low and high HCMV-specific I1gG
avidity index and Cytotect®CP. (A) HCMV IgG antibody concentrations within serum
samples were determined upon use of Euroimmun Cytomegalovirus IgG ELISA-test kit (El
2570-9601 G). Comparison of the different serum samples showed that antibody
concentrations in samples of low avidity (green) as well as high avidity (red) samples were

similarly distributed above the cutoff range (grey area). (B and C) Serum antibody-mediated
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binding inhibition by low avid sera (n = 10), high avid sera (n = 10) and Cytotect®CP (black
dashed) were tested in a two-fold serial dilution, ranging from 4 — 512-fold dilutions. Serum
samples that exhibited dose-dependent inhibition are represented in form of a dose-response
curve (variable slope) generated via non-linear regression analysis using GraphPad Prism
software. The inhibitory concentration of 50% (IC50; dashed line) and the inhibition cutoff (&
seronegative + 3x SD) are indicated (grey area). (D) Difference of the IC50 of HCMV IgG
high avidity sera compared to CytoteCt®CP. ..........ccuuiiiiiiiiiii e 49

Figure 13: Retrospective analysis of sequentially taken serum samples of different
patients upon avidity maturation. The timeline represents the time passed after
determination of low IgG avidity (o) for patients A - D in weeks. Serum antibody-mediated
inhibition of gH/gL/gO was tested for available serum samples (grey triangles) from before
and after low avidity determination. Changes in IgG avidity are indicated (red symbols). ~,

intermediate 1gG avidity; +, high 1gG avidity;........coooiiiiii e 52

Figure 14: Retrospective analysis of sequentially taken serum samples upon avidity
maturation. The timeline represents the time passed after determination of intermediate IgG
avidity (to) for patients E and F in weeks. Serum antibody-mediated inhibition of gH/gL/gO
was tested for available serum samples (grey triangles) from before and after intermediate

avidity determination. ... 54
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/ Supplementary Material

7.1 Expression vectors used for transfection of HEK293T cells

For expression of the trimeric gH/gL/gO complex, HEK293T cells were transfected with
plasmid DNA encoding the gH1 and gL subunits and either the gO1c or gO4 subunit. The
coding sequences were adapted with a 30 aa IL-2 signal sequence, which was replaced by
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Supplementary Figure S1: Plasmid design for expression of the gH1 subunit. Plasmid
pPMT7_HCMV TB40/E gH1 (UL75) w/o TM contains the codon optimized DNA sequence encoding the
HCMV TB40/E UL75 gene carrying a deletion of the transmembrane domain and supplemented with
an IL-2 signal sequence (red; 2.155 nts). The vector backbone consists of the pMT7 mammalian ex-
pression vector, which provided several displayed features. Restriction sites used for cloning are dis-

played.
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Supplementary Figure S2: Plasmid design for expression of the gL subunit. Plasmid
pPMT1_HCMV TB40/E gL (UL115) contains the codon optimized DNA sequence encoding the HCMV
TB40/E UL115 gene supplemented with an IL-2 signal sequence (red; 813 nts). The vector backbone
consists of the pMT1 mammalian expression vector, which provided several displayed features. Re-
striction sites used for cloning are displayed.
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Supplementary Figure S3: Plasmid design for expression of the gO1c subunit. Plasmid
pMT1_HCMV TB40/E gO1c (UL74) contains the codon optimized DNA sequence encoding the HCMV
TB40/E UL74 gene supplemented with an IL-2 signal sequence (red; 1.374 nts). The vector backbone
consists of the pMT1 mammalian expression vector, which provided several displayed features. Re-
striction sites used for cloning are displayed.
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Supplementary Figure S4: Plasmid design for expression of the gO4 subunit. Plasmid
pPMT1_HCMV Towne gO4 (UL74) contains the codon optimized DNA sequence encoding the HCMV
Towne UL74 gene supplemented with an IL-2 signal sequence (red; 1.353 nts). The vector backbone
consists of the pMT1 mammalian expression vector, which provided several displayed features. Re-

striction sites used for cloning are displayed.

7.2 High scale production and purification

Western Blot of precipitated supernatant derived from transfections (T23-30) for high scale
production of soluble gH1/gL/gO4 was performed in order to control successful expression of
trimeric complex and the presence of the gH-associated 10x His-tag. T23 and T25 cells
showed a confluency of approximately 50% 24h post cell seed and were therefor incubated

for another 24h prior to transfection

81



T25 gHfgl CC

T24
TR S s —

300
250

T25 27 T28 gHfeL  CC
300 TR : : . S f
el 11Ty e
250
T28 T29 T30 gH/gL cc
300 — ‘ " - - - gH/gl/g0
250 ' 5T 5 :

Anti-His

Supplementary Figure S5: High-scale production of soluble gH1/gL/gO4. Western Blot of precipi-
tated supernatant derived from transfections (T23-30) from high scale production of soluble gH/gL/gO
using anti 6xhis-tag mAb. Samples were analyzed upon non-reducing conditions. T#... Transfection
experiment, gH/gL ... Control transfection using gH (TB40/E) and gL (TB40/E) DNA only, CC... Control
culture treated with transfection reagent only.

7.3 Calibration of SEC column

Prior to purification of trimeric gH/gL/gO, elution properties of the Superdex 200 Increase
10/300 GL column were determined using a high molecular weight protein standard. The
column void volume (Vo) represented the earliest point of elution, applying to proteins of high
molecular, which would pass by the porous bead matrix. Vo was determined through loading
of Dextran Blue with a molecular mass (M;) of 2000 KDa. Dextran Blue eluted between 8 - 25
mL, with a maximum absorbance of approximately 45 mAU at 8.38 mL.
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Supplementary Figure S6: Column calibration prior to purification of trimeric gH/gL/gO. Loading
of Dextran Blue allowed for the determination of the column void volume (V0), which represents the
earliest point of elution for proteins of high molecular mass.

Table 12: Protein-related data obtained from the column calibration. Data regarding the relative
molecular mass and elution volume of Dextran Blue.

M,
Peak Protein Retention (mL)
(Dalton)
A Dextran Blue 2.000.000 8.4

Calibration of the column was continued with a mix of five different standard proteins utilizing
molecular mass range of 669 — 44 kDa. Loading of the standard led to the elution of 6 peaks
between 8 — 17 mL. Thyroglobulin being the largest protein eluted in form of two peaks.
According to the manuals instructuons the expected peak for thyroglubulin elution was the
second one with a retention of 9.18 mL. The first peak with a retention of 8.61 mL was
explained to be a consequence of dimerization of thyroglobulin, thus increasing its molecular
mass, which in turn led to earlier elution. The other standard proteins ferritin, aldolase
conalbumin and ovalbumin eluted at 10.3, 12.4, 13.8 and 14,9 mL, respectively. Since
trimeric gH/gL/gO exhibited a molecular mass of approx 270 kDa (according to SDS-Page),

we expect an elution between 10 — 12.5 mL.
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Supplementary Figure S7: Column calibration prior to purification of trimeric gH/gL/gO. Loading
a HMW-standard containing thyroglobulin, ferritin, aldolase, conalbumin and ovalbumin allowed for
estimation of elution volumina of unknown proteins according to their size.

Table 13: Protein-related data obtained from the column calibration. Data regarding the relative
molecular mass, elution volume and the corresponding fraction of the proteins comprised by the high
molecular weight standard.

Peak Protein M Retention (mL) Fractions
(Dalton)
A - - 8.6 1.A2-1A4
B Thyroglobulin 669.000 9.2 1.A4-1A6
C Ferritin 440.000 10.3 1.A6-1.B.1
D Aldolase 158.000 12.4 1.B.1-1B.5
E Conalbumin 75.000 13.8 1.B.5-1.B.7
F Ovalbumin 44.000 14.8 1.B.7-1.C4

7.4 Distribution of soluble gH/gL/gO after size exclusion chromatog-
raphy

In the course of size exclusion chromatography, the eluted proteins were collected in frac-
tions of 0.5 mL. The collected fractions were pooled into six fractions according to the peak
measurement of the chromatogram and further analyzed via western blot control using his-
and gO-specific mAbs. Detection with both antibodies showed similar distribution patterns of

soluble gH/gL/gO among the fractions one to six, while the majority of gH/gL/gO eluted within
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fractions one to three. Since proteins elute according to their size it was interesting to ob-
serve, that no smaller histidine-specific protein species was detected upon western blot anal-

ysis.
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Supplementary Figure S8: Analysis of purified proteins after the size exclusion chromatog-
raphy. (A)Chromatogram derived by the size exclusion chromatography of His-purified concentrated
protein sample containing gH/gL/gO. Fractions were either pooled according to peaks or kept as single
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fractions (dashed frames 1 — 6) (B and C) Western Blot analysis of the fractions pools using His- and
gO-specific mAbs revealing the elution of the majority of soluble gH/gL/gO among the first two peaks

(fraction pools 1 — 3).

7.5 Analysis of sequential sera for the generation of gH/gL/gO-specific

inhibitory antibodies

In order to follow-up on the generation of iAbs targeting the gH/gL/gO, we tested sequential

sera derived from patients that were diagnosed with low and intermediate HCMV-specific IgG

avidity.
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Supplementary Figure S9: Serum antibody-mediated inhibition of gH/gL/gO upon avidity matu-
ration from low avidity. Sequential serum samples derived from patients A — D as well as Cyto-
tect®CP (black dashed) was tested in a two-fold serial dilution ranging from four- to 512-fold dilutions.
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Inhibitory and non-inhibitory sera were indicated in red and green respectively. The IC50 (dashed line)
and inhibition cutoff (QJHCMV seronegative — 3x SD) are indicated (grey area).
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Supplementary Figure S10: Serum antibody-mediated inhibition of gH/gL/gO upon avidity mat-
uration from intermediate avidity. Sequential serum samples derived from patients E and F as well
as Cytotect®CP (black dashed) was tested in a two-fold serial dilution ranging from four- to 512-fold
dilutions. Inhibitory and non-inhibitory sera were indicated in red and green respectively. The IC50
(dashed line) and inhibition cutoff (JHCMV seronegative — 3x SD) are indicated (grey area).
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Zusammenfassung

Der Zelleintritt des humanen Cytomegalovirus (HCMV) in Fibroblasten wird durch die Bin-
dung des trimeren Glykoproteinkomplexes gH/gL/gO an den platelet-derived growth factor
receptor alpha (PDGFRa) der Wirtszelle initiiert. Trotz ihrer wichtigen Rolle bei der Verhinde-
rung der Virusausbreitung ist wenig Uber die humorale Immunantwort in Form von Seruman-
tikdrpern bekannt, die diese Interaktion im Besonderen hemmen, und Uber ihre Fahigkeit,
eine stammubergreifende Immunitat in Bezug auf die polymorphe gO-Untereinheit zu bieten.
Um uns dieser Frage zu nahern, haben wir die Expression und Reinigung eines Idslichen
trimeren Komplexes unter Verwendung der Varianten gO1c (TB40/E) und gO4 (Towne) so-
wie die Entwicklung eines Rezeptorbindungstests angestrebt, um sowohl die Prasenz solch
hemmender Antikérper nachzuweisen und ihr ungeféahres Auftreten zu bestimmen. Im Ge-
gensatz zur Expression von trimerem gH/gL/gO unter Verwendung der gO4-Untereinheit
fuhrte die Koexpression mit der gO1c-Untereinheit zu einer geringen Proteinausbeute, was
auf einen subtilen Expressionsmechanismus mit Abhangigkeit von den gO-Genotypen und
moglicherweise anderen Kofaktoren schlieRen lasst. Die Serumanalyse zeigte, dass HCMV-
seropositive Personen mit hohem IgG-Titer und Cytotect®CP, ein Hyperimmunglobulinpra-
parat, die Rezeptorbindung dosisabhangig hemmen. Der Vergleich zwischen HCMV-
seropositiven Personen mit unterschiedlicher IgG-Aviditat und eine Nachverfolgung der 1gG-
Aviditatsreifung innerhalb einzelner Patienten ergab, dass hemmende Antikdrper nur bei ho-
her 1gG-Aviditat vorhanden waren. Unsere aktuellen Daten deuten darauf hin, dass trimer-
spezifische 1gG-Antikérper im Serum, welche die Bindung an den PDGFRa-Rezeptor blo-
ckieren, tatsachlich nach einer Primarinfektion gebildet werden, aber erst spat im Verlauf der

IgG-Aviditatsreifung auftreten.
Humanes Cytomegalovirus; Glykoproteinkomplex; Thrombozytenwachstumsfaktor-Rezeptor;

Humorale Immunantwort; 1gG Aviditat; Proteinreinigung; Enzyme-linked immunosorbent as-

say;
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Abbreviations

BSA
DNA
DMEM
DMEMc
EDTA
ELISA

E. Coli
FBS
FPLC
GFP

gH, gL, gO
HCMV
HEK293
HEPES

PBS
PBS-T
PDGFRa
Pen-Strep
rcf

RNA

rem

SEC

TBS
TBS-T
uv

293T

6x his-tag
TMB

iAb

Bovine serum albumin
Deoxyribonucleic acid

Dulbecco’s modified eagle medium

Dulbecco’s modified eagle medium with supplements

Ethylenediaminetetraacetic acid
Enzyme-linked immunosorbent assay
Escherichia Coli

Fetal bovine serum

Fast protein liquid chromatography

Green fluorescent protein

Glycoprotein H/L/O

Human Cytomegalovirus

Human embryonic kidney cells 293
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Immunoglobulin G

Immunglobulin M

Interleukin-2

Milli-absorbance unit

Eagle’s minimal essential medium
Phosphate buffered saline

Phosphate buffered saline-Tween20®
Platelet-derived growth factor receptor alpha
Penicillin-Streptomycin

Relative centrifugal force

Ribonucleic acid

Rotations per minute

Size exclusion chromatography

Tris buffered saline

Tris buffered saline-Tween20®

Ultraviolet

SV40 large T antigen-transfected HEK293 cells
6x histidine protein tag

3, 3, 5, 5’-Tetramethylbenzidine-mediated
inhibitory antibody
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nAb
CMVIG
IVIG

neutralizing antibody
Cytomegalovirus hyperimmune immunoglobulin

intravenous immunoglobulin

90



