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Figure 2.6 MHC-I downregulation is independent on caveolae-mediated endocytosis. (A)
Schematic representation of the two forms of caveolin-1 used here, Cavl (WT) and Cav1(Y 14F) (DN),
fused to the amino and carboxy termini of EGFP, respectively. (B) Expression of caveolin-1 constructs.
At 48 h after transfection, whole-cell lysates were subjected to separation by SDS-12% PAGE
followed by Western blot analysis. Specific bands corresponding to the WT (white triangle) or DN
(gray triangle) proteins were detected using rabbit anti-HA MAb. B-actin was used as a loading control.
PageRuler Plus from Thermo Scientific was run as a molecular ladder. (C) Inhibition of
caveolae-mediated endocytosis by the DN mutant. EGFP-Cav1(Y 14F) (green) effectively blocked the
engulfment of cholera toxin B (CTxB), resulting in the reduced intensity of Alexa Fluor 647 (red).
Bars, 20 pum. (D) MHC-I downregulation is not affected by expression of either the WT or the DN
mutant after infection. After gating with dsRed2, the infected cells were analyzed by flow cytometry
for expression of EGFP and MHC-I. Student’s #-test was performed, and no statistical significance
between the WT and the DN groups was seen. Representative dot plots from triplicate assays are

presented.
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In summary, however, the results obtained with chemical inhibitors suggest that MHC-I
downregulation requires the activity of tyrosine kinase and is dependent on cholesterol, as
deduced from the effects of genistein and filipin treatments, respectively. In contrast, sterol
binding and lipid raft integrity seem to not be required, as nystatin and MBCD treatment did
not affect virus-induced internalization of MHC-I. In order to further substantiate the role of
caveolar endocytosis, a more specific tool in the form of a DN caveolin-1 (Cavl) mutant was
employed. We altered the 14th amino acid residue of Cavl by PCR-based mutagenesis and
replaced the tyrosine with a phenylalanine residue (Y 14F) (Orlichenko et al., 2006; Shatz et
al., 2010). To facilitate detection of proteins by flow cytometry, both the WT and the DN
mutant were fused to EGFP and tagged with an HA epitope (Fig. 2.6A). WT Cavl was
positioned upstream of EGFP (Cavl-EGFP), while the DN Cavl construct containing the
Y 14F mutation was positioned downstream of EGFP [EGFP-Cav1(Y 14F)]. We reasoned that
the N-terminal fusion of Cavl to EGFP together with the Y14F substitution would ensure the
desired dominant negative effect, because caveolar uptake processes can be blocked by
N-terminally tagged Cavl (Pelkmans et al., 2001). Expression of both forms of Cavl was
readily detectable by Western blot analysis in NBL6 cell lysates (Fig. 2.6B). The effect of
EGFP-Cavl(Y14F) was then evaluated by confocal imaging. Inhibition of caveolar
endocytosis was noticeable, as the uptake of cholera toxin B (CTxB) was strongly attenuated
in cells transfected with the plasmid expressing EGFP-Cav1(Y 14F) (Fig. 2.6C). Furthermore,
cell surface expression of MHC-I was analyzed in cells over-expressing either of the two
forms of Cavl. In the absence of virus infection, over-expression of Cavl-EGFP or
EGFP-Cav1(Y14F) did not alter levels of MHC-I on the cell surface (Fig. 2.6D, left).
Likewise, at 5 h p.i., virus-induced downregulation of MHC-I was not affected, regardless of
whether the wild-type or mutant form of Cavl was used (Fig. 2.6D, right). Also, by using
CLSM, we did not detect specific co-localization of caveolin-1 and MHC-I in infected cells
(data not shown). We concluded from the experiments that caveolar endocytosis is not
involved in MHC-I downregulation mediated by EHV-1.

2.4.6 Ubiquitination is essential for modulating cell surface levels of MHC-I in infected

cells

It is known that over-expression of the gammaherpesvirus (Kaposi’s sarcoma-associated
herpesvirus [KSHV])-encoded ubiquitin E3 ligases K3 or K5 will reduce the levels of MHC-I
at the cell surface. This process is mediated by linkage of polyubiquitin chains at lysine 63
(K63 polyubiquitination), which is sufficient to activate endocytosis (Duncan et al., 2006).
Given that HSV-2 pULS56 strongly increases ubiquitination of host E3 ligase Nedd4 (Ushijima
et al., 2010), we speculated that downregulation of MHC-I caused by EHV-1 pUL56 may be

dependent on ubiquitination.
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Figure 2.7 Ubiquitination affects cell surface MHC-I expression in EHV-1-infected cells. (A)
Ubiquitination was blocked by PYR41, an E1 inhibitor. NBL6 cells were mock infected or infected
with vAb4G for 2 h; afterwards, inhibitor at 5 uM or 10 uM was applied. At 4 h of inhibition, the
levels of cell surface MHC-I were determined by flow cytometry. (B) The overall inhibitory effects are
shown as dot plots and converted into a bar chart to quantitatively compare mean fluorescence
intensities obtained with the treatments. Data analyses were performed using one-way ANOVA. (C)
PYRA41 inhibitor reduces MHC-I degradation but does not affect the expression of pUL56. At 4 h p.i.,
cell lysates were prepared with RIPA buffer and fractionated using SDS-12% PAGE. The expression
levels of pUL56 and pIR6 were detected by Western blotting. For MHC-I detection, cell lysates were

separated by non-denaturing 12% PAGE, and the blot was probed with anti-MHC-I MAb CZ3. B-actin
was included as a gel loading control.

To test this hypothesis experimentally, infected cells were incubated with PYR41, which
interferes with ubiquitination by E1 blockade (Yang et al., 2007). Incubation of infected cells
with 10 uM PYR41 resulted in recovery of cell surface levels of MHC-I at 4 h p.i. compared
to untreated cells (Fig. 2.7A and 2.7B). We ruled out the possibility that inhibition of the
ubiquitination machinery might impair the expression of pUL56. Under PYR41 treatment,
pULS56 and the early viral protein IR6 (pIR6) remained stable in infected cells (Fig. 2.7C). We
concluded from the results of this experiment that MHC-I downregulation and degradation
caused by EHV-1 require ubiquitination, more specifically an interaction between EHV-1

pULS56 and components of the cellular ubiquitination machinery.
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2.4.7 Downregulation of additional cell surface markers by pUL56

Finally, we determined if pUL56-mediated internalization was specific to MHC-I. To this end,
cell surface expression of a number of cell surface markers, specifically, CD46, CD58, CD59,
CD63 and CD95, was analyzed. All the targeted molecules play critical roles in modulation of
host innate or adaptive immunity. CD46 negatively regulates the pathways for complement
activation (Liszewski et al., 1991), while CD58 and CD59 facilitate the adhesion and
activation of T cells (Deckert et al., 1992). Being a co-stimulatory factor, CD63 is required for
the steady activation and proliferation of T cells (Pfistershammer et al., 2004). CD95, best
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Figure 2.8 A broader range of surface markers is decreased during EHV-1 infection in a
pUL56-dependent fashion. Hela cells were mock infected (black solid line) or infected with vAb4G
(gray solid line) or vAb4GALl (black dashed line). Unspecific binding of antibodies was controlled for
by staining with corresponding isotype antibodies (gray dashed line). At 24 h p.i., all cells were
sampled and incubated with monoclonal primary antibodies against MHC-I, CD46, CD58, CD59,
CD63, and CD95. Alexa Fluor 647-conjugated goat anti-mouse IgG was used as a secondary antibody.
Samples were detected by flow cytometry. The FL4-H axis refers to the fluorescence intensity of the
given surface markers. Downregulation of MHC-I, CD46 and CD63, but not that of other markers,
was rescued by abrogation of ORFI. The histograms are representative of two independent tests.

known as Fas receptor, initiates apoptosis when the target cells are recognized by CTLs
(Krammer, 2000). Because the available antibodies show exclusive reactivity with human and
murine but not equine CD molecules, our experiments were conducted using HeLa cells in

which MHC-I downregulation dependent on pUL56 had previously been documented (Ma et
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al., 2012). For testing each marker, HeLa cells were infected with vAb4G or vAb4GALl, the
mutant devoid of pUL56. At 24 h p.i., cell surface levels of each maker were analyzed by
flow cytometry and plotted as mean fluorescence intensity in histograms. Of the selected
markers, pUL56 induced a significant reduction of CD46 and CD63, whereas it did not affect
the levels of CD58, CD59 or CD95 (Fig. 2.8). On the basis of these data, we concluded that
pULS56 is able to reduce cell surface levels of molecules other than MHC-I and, hence, may

have a more general effect on immunomodulatory molecules in infected cells.

2.5 Discussion

Over the past 2 decades, a number of viral inhibitors targeting different stages of MHC-I
presentation have been characterized (Hansen and Bouvier, 2009). The majority of such
inhibitors were found in herpesviruses, although their mechanisms of action vary greatly.
Recently, we discovered that pUL56, encoded by the gene ORFI of EHV-1, affects MHC-I
expression (Ma et al., 2012). Phylogenetic analyses reveal that pUL56 is conserved in many
alphaherpesviruses and the pUL56 homologue of EHV-4 also downregulates MHC-I at the
cell surface (Said et al., 2012). It was speculated that loss of cell surface MHC-I is induced by
endocytosis in the early stages of EHV-1 infection (Rappocciolo et al., 2003), and here, we
investigated the putative relationship between pUL56 and endocytosis that might result in the
reduction of MHC-I on the cell surface. By using inhibitors that disrupt endosomal or
lysosomal function, we initially determined that endosomal acidification and lysosomal
proteolysis govern the fate of internalized MHC-I. This finding was further corroborated by
confocal microscopy showing that MHC-I co-localized with the lysosome marker LAMP-1.

Endocytosis is an important intracellular transport mechanism that initiates signal
transduction and internalization of a number of nutrients, lipids, membrane proteins and
pathogens (Doherty and McMahon, 2009). The endocytic pathways that allow infectious entry
have been extensively studied for a number of viruses (Mercer et al., 2010); however, it is less
well understood how viruses induce endocytosis of key immune-related receptors to achieve
immune evasion. Notable exceptions are the KSHV K3 and K5 proteins, which promote
MHC-I endocytosis in infected cells. It was shown in transiently transfected cells that these
two virus-encoded enzymes directly increase endocytic activity and lead to the uptake of
MHC-I molecules from the cell surface (Coscoy and Ganem, 2000). Likewise, the HIV Nef
protein was shown to downregulate MHC-I through an endocytic pathway (Blagovesh-
chenskaya et al., 2002), which may imply that enhancing endocytosis as a means of
preventing or reducing presentation of antigenic (viral) peptides by MHC-I might be

evolutionarily conserved among many viruses.
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We were able to demonstrate here that EHV-1 pUL56 co-localizes from 4 h p.i. with
MHC-I-containing vesicles and the lysosomal marker LAMP-1 in infected cells. This
co-localization correlates with decreased cell surface MHC-I levels. The results, therefore,
suggest that it is indeed pULS56 that mediates the trafficking of MHC-I molecules to
lysosomes for degradation. The two known viral MHC-I inhibitors encoded by
alphaherpesviruses, ICP47 and pUL49.5, prevent translocation of antigenic peptide into the
ER and formation of the tri-molecular complex. Specifically, ICP47 is present in the
cytoplasm and exhibits high affinity to TAP, which results in functional inactivation of peptide
transport into the ER (Ahn et al., 1996; Tomazin et al., 1996). For pUL49.5, although it also
restricts the supply of peptides to the ER, homologues in different viral species are
mechanistically diverse. For example, BHV-1 pUL49.5 reduces TAP stability by promoting its
proteasomal degradation (Koppers-Lalic et al., 2005), whereas pUL49.5 of EHV-1 and -4
inhibit the recruitment of ATP, which is indispensible for TAP activity (Koppers-Lalic et al.,
2008). Unlike ER-based interference with MHC-I maturation, pUL56 is predominantly
localized to the Golgi apparatus and endosomal vesicles. It does not perturb peptide transport
to the ER (Ma et al., 2012; Said et al., 2012), and its mechanism of action is clearly distinct
from those of ICP47 and pUL49.5. Therefore, pUL56 has a novel mode of action with respect
to MHC-I downregulation in members of the Alphaherpesvirinae and functions more like

gammaherpesviral K3 and K5 by promoting endocytosis.

Based on their constituent elements, endocytic pathways are classified into categories that
include clathrin-, caveolae- and Arf6-dependent endocytosis as well as phagocytosis and
macropinocytosis (Mayor and Pagano, 2007); however, a growing body of evidence now
suggests that unidentified endocytic pathways might exist, and thus the classification scheme
has been simplified by discriminating only between clathrin-dependent endocytosis (CDE)
and clathrin-independent endocytosis (CIE) (Le Roy and Wrana, 2005). Endocytosis
inhibitors are commonly used to investigate endocytic pathways responsible for homeostasis
of cell surface proteins, but attention should be given to their possibly pleiotrophic effects
(Vercauteren et al., 2010). Given that the turnover of cell surface proteins is dynamically
regulated under normal physiological conditions, we tested the influence of our inhibitors on
the metabolism of MHC-I, which might distort the interpretation of our results in infected
cells. Except for the significant MHC-I reduction seen with the treatment of chloroquine, the
other reagents used showed no or very little effect on the presence of MHC-I on the cell
surface of mock-infected cells (Fig. 2.S1), ensuring that they target only MHC-I in infected
cells. With inhibition of virus-induced MHC-I downregulation by chlorpromazine and
Pitstop2 as well by dominant negative molecules, we demonstrated that MHC-I down-
regulation is not through the CDE pathway. This observation for EHV-1 differs from that for
KSHYV, where the K3 protein interferes with the classical CDE pathway (Duncan et al., 2006),
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while a unique Arf6-dependent pathway is targeted by HIV-1 Nef to divert mature cell surface
MHC-I to lysosomes for degradation (Blagoveshchenskaya et al., 2002). Despite the
differences, lysosomes are the ultimate cellular compartment where degradation of MHC-I
occurs in the case of KSHV, HIV-1, and EHV-1.

Caveolae-dependent endocytosis is considered an important CIE pathway. Along with the
involvement of dynamin, caveolin-1 is primarily responsible for the formation of the
flask-shaped caveolae (Liu et al., 2002). Moreover, tyrosine kinase activity is necessary for
the aggregation and fusion of caveolae or caveolar vesicles (Nomura and Fujimoto, 1999).
Therefore, it is not surprising that a number of viruses gain access to host cells by
non-classical endocytic pathways that are all dependent on the action of dynamin and tyrosine
kinases but differ in other factors involved (Azab et al., 2013; Damm et al., 2005; Mulherkar
et al., 2011; Qie et al., 1999). Here, we studied the role of caveolae-dependent endocytosis in
virus-induced MHC-I downregulation. Despite the various effects of four inhibitors for CIE,
transfection of a specific dominant negative form of caveolin-1 was unable to rescue cell
surface expression of MHC-I, suggesting that caveolae-dependent endocytosis is not involved
in MHC-I internalization. In contrast, we found that the decrease of surface MHC-I was
remarkably attenuated when the action of dynamin was inhibited with dynasore or a dominant
negative form of dynamin. These findings led us to conclude that MHC-I downregulation is
associated with dynamin, which facilitates vesicle scission at the plasma membrane and as
such is integral to many endocytic pathways (Hinshaw and Schmid, 1995; Marks et al., 2001).
To our knowledge, our report describes the first example of an alphaherpesvirus that
downregulates cell surface MHC-I through an endocytic pathway, which is associated with
dynamin but unrelated to clathrin and caveolae. However, there might be another unknown
viral protein(s) that can drive MHC-I downregulation through endocytic processes, as
knockout of pUL56 alone cannot completely prevent endocytosis of MHC-I mediated by
EHV-1 infection.

Ubiquitination determines the destiny of endocytosed membrane proteins (Strous and Govers,
1999). On the one hand, the formation of vesicles at different stages of endocytosis requires
mono- or poly-ubiquitination (Hicke, 2001). On the other hand, the nature of ubiquitin linkage
to lysine results in cargo sorting and degradation either in the proteasome or in the lysosome
(Pickart and Fushman, 2004). KSHV K3 and K5 are E3 ubiquitin ligases that directly bind to
membrane substrates and trigger endocytosis (Duncan et al., 2006; Means et al., 2007). In the
case of HSV-2, pULS56 is able to increase ubiquitination of the E3 ligase Nedd4. This
interaction is thought to affect protein sorting or vesicle trafficking but does not affect virus
release, as originally surmised (Ushijima et al., 2008). Here, EHV-1 pUL56, which is

structurally similar to its HSV-2 orthologue, was shown to direct MHC-I molecules for
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lysosomal degradation. This process is greatly affected when ubiquitination is chemically
blocked. It is therefore tempting to speculate that the function of pULS56 depends on its

interaction with an E3 ligase, a hypothesis that we are currently testing.

To address the specificity of pUL56 action, several other cell surface markers were screened
in this study. We found that pUL56 can reduce the expression of CD46 and CD63 on the cell
surface. CD46 is critical for efficient T cell responses and bridges between the complement
system and cellular immunity (Riley-Vargas et al., 2004); for instance, expression of CD46
facilitates destruction of the cells infected with measles virus by CTLs, a process that depends
on MHC-I antigen presentation (Cardoso et al., 1996). CD63 is a membrane protein
containing four transmembrane domains (tetraspanin), which is widely distributed on
endosomal membranes and known to modulate immune signaling pathways (Levy and
Shoham, 2005; Pols and Klumperman, 2009). In dendritic cells, for example, intracellular
transport of CD63 is associated with antigen presentation by MHC-II (Engering and Pieters,
2001). The implication of pUL56 in downregulating CD46 and CD63 may suggest that it
functions as a more promiscuous immune modulator, a notion that is supported by the results
obtained in equids infected with the Ab4 mutant unable to express the protein (Soboll Hussey
etal., 2011).

Removal of cell surface MHC-I seems a wise strategy for persistent infection, as CTLs would
be unable to eliminate infected cells due to a failure to recognize antigens. However, cells
devoid of surface MHC-I are unlikely to survive and might be subject to clearance by natural
killer (NK) cells. KSHV K35 targets other surface molecules to counteract the threat from NK
cells. Along with CD31, CD86, CD144, CDI166, and intracellular adhesion molecule 1
(ICAM1) (Means et al., 2007), KSHV K5 also downregulates activation-induced C-type
lectin (AICL), MHC-I polypeptide-related sequence A (MICA), and MICB, which are
required for NK cell lysis (Nathan and Lehner, 2009; Thomas et al., 2008). Whether pUL56

targets these surface molecules sensed by NK cells remains to be explored.

Taken together, we investigated the pathway by which pUL56 induces downregulation of cell
surface MHC-I. The endocytic process responsible for MHC-1 removal from the cell surface
is mediated by dynamin but not clathrin or caveolae. Importantly, tyrosine kinase activity and
membrane-bound cholesterol are required for MHC-I endocytosis as is ubiquitination. The
latter may imply that pUL56 function is dependent on the E3 ligase activity. Since pUL56 is
able to regulate other cell surface molecules, it may have a more comprehensive role in
regulation of the immune response to infection. Future studies will focus on how pULS56
interacts with ubiquitination and the yet-unidentified viral protein(s) it needs to fulfill its

functions.
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Figure 2.S1 Effects of inhibitors on the turnover of MHC-I in uninfected cells. NBL6 cells were
treated with the following inhibitors: (A) 5 uM lactacystin, 150 uM  chloroquine and 10 mM NH,CL
(B) 2 uM bafilomycin Al, 80 uM Dynasore, 10 pug/ml chlorpromazine, 10 uM  Pitstop2, 50 pg/ml
genistein, 5 pg/ml filipin, 20 pg/ml nystatin, 20 mM MBCD and 10 uM PYR41. After inhibition for 4
h, cells were suspended and reacted with MAb anti-MHC-I, followed by staining with Alexa Fluor
647-conjugated goat anti-mouse IgG. To detect total levels of MHC-I, cells were fixed in 3.5% PFA
and permeablized in PBS supplemented with 0.02% saponin before proceeding to incubation with
primary antibody. Expression levels of MHC-I were detected by flow cytometry. Data were obtained

from three independent experiments and presented as means =+ standard deviation.
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3.1 Summary

Herpesviruses have evolved an array of strategies to counteract antigen presentation by major
histocompatibility complex class I (MHC-I). Previously, we have identified pUL56 of equine
herpesvirus type 1 (EHV-1) as one major determinant of downregulation of cell surface
MHC-I (G. Ma, S. Feineis, N. Osterrieder, and G. R. Van de Walle, J. Virol. 86:3554-3563,
2012, doi:10.1128/JV1.06994-11; T. Huang, M. J. Lehmann, A. Said, G Ma, and N.
Osterrieder, J. Virol. 88:12802-12815, 2014, doi:10.1128/JV1.02079-14). Since pUL56 was
able to exert its function only in the context of virus infection, we hypothesized that pUL56
cooperates with another viral protein. Here, we generated and screened a series of EHV-1
single gene deletion mutants and found that the pUL43 orthologue was required for
downregulation of cell surface MHC-I expression at the same time of infection when pULS56
exerts its function. We demonstrate that the absence of pUL43 was not deleterious to virus
growth and that expression of pUL43 was detectable from 2 h post-infection (h p.i.), but
decreased after 8 h p.i due to lysosomal degradation. pUL43 localized within Golgi vesicles
and required a unique hydrophilic N-terminal domain to function properly. Finally,
co-expression of pUL43 and pULS56 in transfected cells reduced cell surface expression of
MHC-I. This process was dependent on PPxY motifs present in pUL56, suggesting that late
domains are required for pUL43- and pUL56-dependent sorting of MHC class I for lysosomal

degradation.

3.2 Introduction

The interplay between viruses and their hosts has lead to evolution of a number of strategies
that facilitate evasion from the recognition and clearance of virus infection by the host

immune system. Upon successful entry into the cell, viruses are uncoated. Structural
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components of the invading virus as well as newly produced proteins are poly-ubiquitinated
and then fragmented into peptides by the proteasome (Gao and Luo, 2006). The processed
antigenic peptides are transported into the endoplasmic reticulum (ER) and presented by
histocompatibility complex class I (MHC-I) molecules on the cell surface. Cytotoxic CD8" T
lymphocytes (CTL) whose T-cell receptor (TCR) specifically recognizes small peptides bound
in the groove of MHC-I ultimately eliminate the infected cell (Neefjes et al., 2011; Zhang and
Bevan, 2011). However, CTL-mediated immunity may fail or be delayed, because many
viruses encode specific inhibitors that interfere with various stages of MHC-I antigen
presentation (Hansen and Bouvier, 2009). As a consequence, infected cells have reduced

MHC-I expression and become invisible to patrolling CTL.

Equine herpesvirus type 1 (EHV-1) is an important veterinary pathogen that poses a severe
risk to the health of horse populations around the world. EHV-1 infection results in various
clinical syndromes involving upper respiratory ailments, miscarriage, death of neonates and
neurological disease (Ma et al., 2013). Classified as a member of the Alphaherpesvirinae
subfamily, EHV-1 is a double-stranded DNA virus featuring a large genome of approximately
150 kbp in size. The EHV-1 genome contains at least 80 open reading frames (ORFs), in
which at least 4 ORFs are duplicated in the inverted-repeat regions (Telford et al., 1992).
Historically, the EHV-1 genome has been annotated in accordance with those of herpes
simplex virus type 1 (HSV-1) and varicella zoster virus (VZV), prototype viruses of the
Alphaherpesvirinae. This approach has also been applied to other closely related viruses, e.g.,
EHV-4 and pseudorabies virus (PRV) (Klupp et al., 2004; Telford et al., 1998). Hence, the
role of a particular EHV-1 gene product can be deduced on the basis of its HSV-1 or VZV
counterpart and extended to predict the function of the orthologues that are conserved in the
genus, subfamily or even family. Nevertheless, several genes and/or gene functions are unique
to HSV-1, VZV or EHV-1. For instance, HSV-1 ICP47 was the first protein identified in the
Alphaherpesvirinae to induce downregulation of MHC-I at the cell surface by directly
interacting with the transporter associated with antigen processing (TAP). ICP47 irreversibly
prevents the transport of cytoplasmic peptides into the ER (Fruh et al., 1995), but ICP47
homologues are absent in EHV-1 and other varicelloviruses, including VZV. EHV-1 also
causes MHC-I downregulation in a species-independent fashion and the pUL49.5 and pUL56
proteins have been shown to modulate cell surface MHC-I expression (Koppers-Lalic et al.,
2008; Ma et al., 2012); however, pUL49.5 and pUL56 of HSV-1 do not affect MHC-I levels
(Koppers-Lalic et al., 2005).

The pULS56 and pUL49.5 homologues of various Alphaherpesvirinae differ in expression
patterns and subcellular localization (Ma et al., 2012; Wei et al., 2011), indicating that they
are mechanistically different. EHV-1 pUL49.5, a small type I transmembrane protein that
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interacts with viral glycoprotein M (gM) (Rudolph et al., 2002), inhibits the formation of
peptide-loaded MHC-I complexes by preventing ATP binding to TAP (Koppers-Lalic et al.,
2008). pUL56, a type II transmembrane protein, enhances internalization of MHC-I through
dynamin-dependent endocytosis (Huang et al., 2014). In our previous studies, we reported
that pULS56 induced cell surface MHC-I reduction solely in the context of infection and that
MHC-I levels were not completely restored when cells were infected with a virus mutant
lacking both pUL49.5 and pUL56 (Ma et al., 2012). These findings gave rise to the hypothesis
that another viral protein partners with pULS56 and participates in downregulation of cell
surface MHC-I.

The efforts of our work presented here focused on the identification of viral gene products
that contribute to downregulation of MHC-I in cells after EHV-1 infection. By screening a
single-gene knockout library of EHV-1, the product of the HSV-1 UL43 homologue was
identified to potently block surface MHC-I presentation in EHV-1-infected cells. Further
characterization showed that pUL43 is non-essential for virus growth in vitro and degraded in
lysosomes at later times of infection. pUL43 also localizes to Golgi vesicles and requires its
four C-terminal transmembrane (TM) domains for proper intracellular distribution. We also
found that a unique hydrophilic domain of EHV-1 pUL43 is indispensible for reducing
MHC-I levels. Finally, co-transfection of pUL43 and pULS56 resulted in robust inhibition of
cell surface MHC-I expression. Taken together, these results suggest a novel mechanism by
which alphaherpesviruses utilize a combination of viral transmembrane proteins to negatively

regulate MHC-I antigen presentation and achieve immune evasion.

3.3 Materials and methods
3.3.1 Cells and viruses

Equine dermal (NBL6) cells were propagated in Eagle’s minimum essential medium (EMEM;
Biochrom AG) supplemented with 20% fetal calf serum (FCS; Biochrom AG), 1% Pen/Strep
(100 U/ml penicillin, 100 pg/ml streptomycin; Sigma-Aldrich), 1 mM sodium pyruvate and 1
X non-essential amino acids (Biochrom AG). RK13 (rabbit kidney) cells, HeLa (human
epithelial carcinoma) cells and HEK293 (human embryonic kidney) cells were grown in
EMEM containing 5% FCS and 1% Pen/Strep. RK13 cells that constitutively express either
the ER marker calreticulin or the Golgi marker B-1,4-galactosyltransferase fused to enhanced
green fluorescent protein (EGFP) were generated by transfection of the plasmids pER-EGFP
and pGolgi-EGFP, respectively, which were kindly provided by Dr. Michael Veit (Freie
Universitit Berlin, Germany). The transfected cell lines were purified and maintained in the
medium for RK13 cells supplemented with 500 pg/ml G418 disulfate salt (Sigma-Aldrich).

The parental and mutant viruses were derived from EHV-1 strain Ab4, which was cloned as
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an infectious bacterial artificial chromosome (BAC). The BAC for Ab4 virus (pAb4) contains
a mini-F cassette in which the egfp gene is driven by the HCMV IE promoter (Goodman et al.,
2007). Viruses were reconstituted by transfection of BAC DNA into RKI13 cells with
polyethylenimine (PEI) (Polysciences) as previously described (Ma et al., 2012). To delete the
egfp gene from viral genome, RK13 cells expressing Cre were infected with the engineered
virus at a multiplicity of infection (MOI) of 0.0001 (Azab et al., 2009). Non-fluorescent viral
plaques were picked for purification on RK13 cells. Unless otherwise indicated, RK13 cells

were used for virus propagation and titration.

3.3.2 Antibodies and reagents

Rabbit anti-B-actin (13E5) monoclonal antibody (MADb), rabbit and mouse anti-
hemagglutinin (HA) tag MAbs were purchased from Cell Signaling Technologies. Rabbit
polyclonal antibodies (PAbs) against EHV-1 pUL56 were prepared previously (Ma et al.,
2012). Rabbit anti-EHV-1 IR6 PAbs, anti-EHV-1 gM (F6) and anti-EHV-1 gC (2A2) MAbs
were used as in our earlier studies (Osterrieder, 1999; Osterrieder et al., 1996a; Osterrieder et
al., 1996b). Mouse anti-MHC-I MAb specific for an equine haplotype (CZ3) was kindly
provided by Dr. Douglas F. Antczak (Cornell University, Ithaca). Mouse anti-HLA class |
(W6/32) MAD was a gift from Dr. Hartmut Hengel (Universitit Freiburg, Germany). Mouse
anti-CD58 MADb was obtained from Biolegend. Mouse IgG isotype control was from Santa
Cruz Biotechnology. Alexa Fluor 647 or 568-labeled goat anti-mouse immunoglobulin G
(IgG), Alexa Fluor 488-labeled goat anti-rabbit and goat anti-mouse IgG were produced by
Invitrogen. Horseradish peroxidase (HRP)-conjugated goat anti-mouse and goat anti-rabbit
IgG were obtained from Southern Biotech. Phosphonoacetic acid (PAA), an inhibitor for viral
DNA synthesis was obtained from Alfa Aesar. Chloroquine and Lactacystin were purchased

from Sigma-Aldrich. Restriction enzymes were supplied by New England Biolabs.

3.3.3 Engineering of BAC mutants

The pAb4 BAC was maintained in Escherichia coli GS1783 cells that were grown in
Luria-Bertani (LB) broth in the presence of 30 pg/ml chloramphenicol (Ma et al., 2012).
Genetic modification of the BAC was performed by en passant mutagenesis exactly as
described (Tischer et al., 2006). To start the mutagenesis, a fragment flanked by homologous
arms for the target region was PCR-amplified using a kanamycin resistance (Kan") gene
present in the pEP-Kan-S2 plasmid using the primers in Table 1. After gel electrophoresis,
PCR products were purified and subjected to Dpnl digest to eliminate residual plasmid.
GS1783 competent cells were electroporated with the PCR products and incubated at 32°C for
48 h. Kanamycin-resistant colonies were screened by restriction fragment length

polymorphism (RFLP) analysis and compared to the predicted digestion pattern. Correct

50



Chapter 3: Equine herpesvirus type 1 (EHV-1) multiply transmembrane protein pUL43
cooperates with pUL56 in downregulation of cell surface MHC class I

intermediates were used for a second round of Red-mediated recombination in the presence of
1% L-(+)-Arabinose (Alfa Aesar) that induced removal of the Kan sequence from the BAC
construct. Following the resolution step, candidate colonies were examined by RFLP and
confirmed by DNA sequencing (LGC sequencing service). The BAC DNA from desired
colonies was prepared by standard alkaline lysis (Sambrook et al., 1989) and applied for virus

reconstitution.

Table 3.1 List of primers for viral mutagenesis, plasmid construction and DNA sequencing

Primers Sequence (5'-3")

BAC muatagenesis
43STOP_Fw* CAAAGGTTGGCTTGCTACATCAAGGTTATCAATCATGATG TAACAGCCAGATAGAGAGCCCGGTAGGGATARCAGGGTAATCGAT
43STOP Rv

43Rev_Fw?

43Rev_Rv

HA43_Fwe

HA43 Ry

HA AN 43 Fw
HA_AN 43 Ry
Expression vectors
pUL43/UL43s-EGFP
pUL43-EGFP_Fwe
pUL43-EGFP_Rv
pUL43s-EGFP_Rv
pUL43-ULS56-P2A-EGFP
pHA43 Fwe

pHA43 Ry
P2A-EGFP_Fw*
P2A-EGFP_Rv

\ACGAAAGCTTTAGCGTAGTCTGGGACGTCGTCCAGTGTTACAACCAATTAACC

_GTCCCAGACTACGCTTACCAGCCAGATAGAGAGCC

Sequencing
UL43_Seq Fwl
UL43_Seq Fw2
UL43_Seq Rv

“ Italic bold letters stand for the stop codon introduced to UL43 gene; ” Italic bold letters indicate the
original codon of UL43 gene; © Underlined nucleotides are sequence for a hemagglutinin epitope; “
Underlined letters represent the P2A sequence with a GSG linker (italic).

3.3.4 Construction of expression vectors

Full-length UL43 or a truncated form was amplified by PCR using appropriate primers (Table
3.1). For cloning, PCR products were digested with EcoRI and BamH]I and inserted in plasmid
pEGFP-N3 (Clontech) to obtain fusion proteins with an EGFP tag at the C-terminus and were
termed pUL43-EGFP (wild-type) and pUL43s-EGFP (truncated mutant), respectively. In
addition, a construct that allows co-expression of pUL43 and pUL56 was generated. First, a
transfer vector containing pUL56 and EGFP was created based on pcDNA3 (Invitrogen), with
the two genes connected by a P2A linker. Using the linker, pUL56 and EGFP should be
expressed with similar stoichiometry due to the cotranslational “ribosome skipping” event
mediated by the P2A peptide. This property and the P2A sequence used for this study have
been reported elsewhere (Kim et al., 2011). Specifically, PCR products were amplified using a

forward primer containing the P2A sequence and a reverse primer for the egfp gene (Table
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3.1). After digestion with EcoRI and Xbal, the purified P2A-EGFP fragment was ligated into
the corresponding sites of a pcDNA3 plasmid harboring UL56 plasmid, which resulted in the
transfer vector pcUL56-P2A-EGFP. Second, the UL56-P2A-EGFP fragment was released
from the transfer plasmid by cutting with BamHI and Xbal. The chimeric sequence was then
inserted into the first cloning site of pVITRO2-mcs-Hygro (InvivoGen) where pUL43 was
placed in the second cloning site. Similarly, a co-expression vector for pUL43 and pULS56(AY)
was constructed, in which all the PPxY motifs in pUL56 had been mutated to AAXY.

3.3.5 Virus growth properties and plaque morphology

The role of the UL43 gene in production of progeny virus was evaluated by one-step growth
kinetics. Confluent NBL6 cells were infected with the parental virus vAb4G (Goodman et al.,
2007), the virus mutant vVUL43STOP or its revertant vUL43STOP R at a multiplicity of
infection (MOI) of 3. Cells were incubated at 4°C for 1 h to allow attachment of the viruses
then shifted to 37°C for virus entry. After 1.5 h of penetration, infected cells were treated with
ice-cold citrate buffer (0.062 M Na,HPO4, 0.132 M citric acid, 0.5% bovine serum albumin
[BSA], pH 3.0) for 30 seconds to remove surface-bound virions that had not entered the cells.
After washing with PBS three times, fresh medium was added and the cells were kept at 37°C.
To determine the extracellular and intracellular virus titers, supernatants and infected cell
pellets were separately harvested at 0, 4, 8, 12, 24, 36 h post infection (p.i.). Samples were
titrated on RK13 monolayers and overlaid with 1.5% (w/v) methylcellulose in EMEM. At 72
h p.i. when viral plaques were clearly visible, the methylcellulose was discarded and the cells
were fixed with 3.5% paraformaldehyde (PFA) in PBS for 5 min. Plaques were counted after
staining with 0.1% (w/v) crystal violet solution. The data were presented as plaque-forming

units per ml (PFU/ml) from three independent experiments.

The influence of UL43 on viral cell-to-cell spread was investigated by measuring plaque sizes.
To this end, each virus at an MOI of 0.0001 was inoculated on 6-well plates where RK13 cells
were seeded and grown to confluency. After incubation for 2 h at 37°C, residual virus was
removed and cell monolayers were covered with 1.5% (w/v) methylcellulose in EMEM. At 72
h p.i., viral plaques were inspected under a Zeiss Axiovert S100 microscope. For each virus,
at least 50 plaques were randomly acquired with a digital camera. Diameters of the plaques
were measured by the ImagelJ program (http://imagej.nih.gov/ij/) using a line tool. The
measurements were normalized to those from the parental virus, which were set as 100%.

Three independent assays were conducted.
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3.3.6 Immunofluorescence and microscopy

Cells were seeded on coverslips and grown to 70-80% confluency. After transfection or
infection, cells were fixed in 3.5% PFA in PBS for 5 min and permeabilized with 0.1% Triton
X-100 lysis buffer for 10 min. Coverslips were blocked in PBS supplemented with 3% BSA
for 2 h at room temperature (RT). Later, cell samples were probed with primary antibodies,
including anti-HA MAD (1/200), anti-EHV-1 gC MAb (1/100) and anti-pUL56 PAbs (1/200)
for 1 h. After three washes with PBS, cells were reacted with Alexa Fluor 568-conjugated
goat anti-mouse IgG (1/500) or Alexa Fluor 488-conjugated goat anti-rabbit IgG (1/500) for
another hour at RT. After washing, coverslips were mounted and stained with DAPI medium
(Vector Laboratories) on glass slides and examined under a Zeiss Axio Imager MI

microscope or a confocal laser-scanning microscope (LSM510, Zeiss).

3.3.7 Western blotting

Cell lysates were extracted by radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris,
pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium deoxycholate, 0.1% sodium dodecyl
sulfate [SDS], | mM EDTA) containing protease inhibitor cocktail (Roche) and benzonase
(Novagen). Samples were separated by SDS-12% polyacrylamide gel electrophoresis (PAGE)
as described before (Huang et al., 2014). After fractionation, proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Carl Roth). To prevent unspecific binding,
membranes were blocked in PBS containing 0.05% Tween 20 (PBST) with 5% (w/v) skim
milk powder overnight at 4°C. Membranes were then probed with the following primary
antibodies: anti-HA MAD (1/1,000), anti-pUL56 PAbs (1/500), anti-EHV-1 IR6 PAbs (1/500),
anti-EHV-1 gM MAD (1/500) and anti-B-actin MAb (1/1,000) for 1 h at RT. Membranes were
washed with PBST three times and incubated with suitable HRP-conjugated secondary
antibodies (1/10,000) for 1 h at RT. After three washing steps with PBST, reactive proteins on
membranes were visualized by an enhanced chemiluminescence (ECL) detection kit
(Amersham ECL Prime; GE Healthcare).

3.3.8 Flow cytometry

Mock-infected, infected or transfected cells were trypsinized and suspended in PBS with 2%
FCS. To determine cell surface MHC-I levels, NBL6 cells were incubated with anti-MHC-I
(CZ3) MAD (1/50) or isotype control IgG (1/100); alternatively, HeLa or HEK293 cells were
incubated with mouse anti-HLA class I (W6/32) MADb (1/50). After 30 min incubation on ice,
cells were washed with PBS plus 2% FCS for three times and reacted with Alexa Fluor
647-conjugated goat anti-mouse IgG (1/1,000) for 30 min. At least 10,000 live cells from each
sample were analyzed by a FACSCalibur flow cytometry system according to the
manufacturer’s instructions (BD Biosciences). The data from flow cytometry are presented as

mean fluorescence intensity.
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3.4 Results
3.4.1 Identification of EHV-1 pUL43 as a novel inhibitor of MHC-I presentation

Our previous studies had shown that pUL56 failed to reduce cell surface expression of MHC-I
molecules in the absence of virus infection (Ma et al., 2012), suggesting that there is at least
one additional viral gene product that directly or indirectly cooperates with pUL56 to mediate
MHC-I downregulation. To identify viral proteins functionally cooperating with pUL56, we
engineered a library of 26 single-gene knockout mutants of EHV-1 strain Ab4. The library
was based on predictions of gene functions, and we particularly focused on genes that are
putatively non-essential for virus growth and expressed with early kinetics. The mutants were
generated by insertion of a positive selection marker (Kan") and removal of the respective
open reading frames (ORFs) using en passant mutagenesis. The reconstituted viruses were
tested for their potential to downregulate expression levels of cell surface MHC-I in equine
NBLG6 cells (Table 3.2). Among the generated mutant viruses, only the ORF I 7-negative virus
was unable to significantly induce downmodulation of cell surface MHC-I levels. The ORF17
gene product is homologous to HSV-1 pUL43 as established by sequence and structure
comparisons (Telford et al., 1992).

Table 3.2 List of deletion mutants that were tested for MHC-I downregulation

Deletion Homologue of HSV-1 Virus MHC-I
mutant  and function growth”  recovery”
ORF3 N/A, unknown + N
ORF4 ULS55, unknown + N
ORF5 ULS54, transcriptional activatior + N
ORF8 ULS51, unknown + N
ORF11 VP22, tegument protein - N/A
ORF12  ULA48, tegument protein + N
ORF13  ULA47, tegument protein - N/A
ORF14 UL46, unknown + N
ORF15 ULA4S5, virion protein + N
ORF17  ULA43, multiply hydrophobic prote + Y
ORF19 UL41, host shutoff virion protein + N
ORF23 UL37, unknown - N/A
ORF34  N/A, ubiquitinated virion protein + N
ORF38  UL23, Thymidine kinase + N
ORF40  UL21, unknown - N/A
ORF41 UL20, multiply hydrophobic prote - N/A
ORF46  ULI16, unknown - N/A
ORF48 UL14, unknown - N/A
ORF51  ULII, myristylated virion protein - N
ORFS55 UL7, unknown - N/A
ORF58  UL4, unknown + N
ORF59  N/A, cytosolic virion protein - N/A
ORF63 ICPO, transcriptional activator + N
ORF68 US2, unknown + N
ORF67  NJ/A, nucleocapsid egress + N
ORF76  US9, tegument protein + N

“The mark (+) means that the deletion mutant could be reconstituted and grew efficiently, while the
mark (-) indicates that the deletion mutant could not be rescued;” At 6 h p.i., levels of cell surface
MHC-I expression in equine NBL6 cells were measured and compared between the individual mutant
and parental virus; “Y” means responsible for MHC-I downregulation and “N” means not. N/A: not
assessed.
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Figure 3.1 Schematic for virus mutagenesis and RFLP analysis of the infectious BAC mutants.
(A) Parental EHV-1 strain rAb4 was derived from a BAC, which harbors an egfp gene driven by the
HCMV IE promoter. U.: Unique long region; Us: Unique short region; IR: Internal repeats; TR:
Terminal repeats. En passant mutagenesis was performed to generate the following mutants for the
present study: (B) UL43STOP, a stop codon TAA in reverse direction was introduced into the ORF'17
gene downstream of the second codon; (C) HA-UL43, in which an HA tag (YPYDVPDYA in amino
acid sequence) was fused to the N-terminus of ORF17; (D) HA-AN-UL43, in which amino acids (3-40)
at the N-terminus of ORF17 were deleted; (E) UL43STOP-AULS56, a mutant based on our previous
Ab4GAl (Ma, et al., 2012) with introduction of a stop codon into the ORF'17 gene as described above.
All mutants were confirmed by DNA sequencing. (F) Representative gel of an RFLP analysis. DNA
from the parental or indicated BAC mutants was digested with Smal or Xhol and separated by
electrophoresis using 0.8% agarose gel. Changes in the digestion profile are consistent with those

predicted in silico.

Given that the selection marker may interfere with expression of neighboring ORFs, we
minimized the alterations in the viral genome and abolished expression of pUL43 by
replacing the 3™ codon of the ORF (TAC) with a stop codon (TAA, Fig. 3.1A and 3.1B). Prior
to virus reconstitution, the pAb4 mutant BAC (pUL43STOP) was confirmed by RFLP (Fig.
3.1E) and DNA sequencing (data not shown). Transfection of pUL43STOP DNA resulted in
viable virus and the mutant was termed vVUL43STOP. In comparison to the parental virus, the
ability of vUL43STOP to induce MHC-I downregulation was substantially attenuated (P <
0.05), consistent with the results of the library screening (Fig. 3.2A and 3.2B). When the stop
codon introduced at position 3 of the ORF was repaired to the original TAC, the resulting
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virus mutant vVUL43STOP R was able to trigger reduction of MHC-I with kinetics and
efficiency indistinguishable from those of the parental virus (P > 0.05) (Fig. 3.2B). This effect
was exclusively mediated by the UL43 gene, as we confirmed that the expression of the
downstream UL44 (gC) gene was not affected by the stop codon (data not shown). Our results
demonstrated that pUL43 plays an important role in regulating cell surface expression of
MHC-I during virus infection. Furthermore, we found that pUL43 not only exerted this
function in equine cells but also induced considerable decrease of cell surface MHC-I
expression in human cells (Fig. 3.2C), indicating that pUL43 might govern a conserved

pathway in mammalian cells to redistribute MHC-I.
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Figure 3.2 pUL43 induces downregulation of cell surface MHC-I. (A) Equine NBL6 cells were
infected with vAb4G or vUL43STOP virus at an MOI of 3. At 6 h p.i., cells were analyzed using flow
cytometry after incubation with mouse anti-MHC-I (CZ3) MAb and Alexa Fluor 647-labeled goat
anti-mouse IgG. Representative dot plots are derived from three independent experiments. (B) vAb4G,
vUL43STOP or vUL43STOP_ R virus was used to infect NBL6 cells at an MOI of 3. Surface MHC-I
levels were measured after 6 h p.i. as described above. (C) At 16 h p.i., HEK293 and HeLa cells
infected with vAb4G or vUL43STOP virus were probed with mouse anti-HLA class I (W6/32) MAb
and subjected to flow cytometry. (D) NBL6 cells were exposed to infection with vHA-UL43 mutant.
At 6 h p.i., cells were analyzed after incubation with mouse anti-MHC-I (CZ3) MADb and staining with
Alexa Fluor 647-labeled goat anti-mouse IgG. All experiments were independently performed in
triplicate and analyzed using the Student’s ¢ test. Data are presented as means =+ standard deviations
(error bars). Asterisk (*) represents statistical significance (P < 0.05); ns means not significant.
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To facilitate detection of pUL43 in further experiments and due to the lack of a specific
antibody, we constructed a virus mutant, named VHA-UL43, in which the N-terminus of
pUL43 was tagged with an HA epitope (YPYDVPDYA) (Fig. 3.1C). With inclusion of the
HA sequence, the virus mutant was still able to induce reduction of cell surface expression of
MHC-I and did so as efficiently as the parental virus (P > 0.05) (Fig. 3.2D).
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Figure 3.3 Effects of pUL43 on virus replication and cell-to-cell spread. (A) Single-step growth
kinetics. NBL6 cells were infected with the parental virus vAb4G, vUL43STOP or revertant
vUL43STOP R at an MOI of 3. At the indicated times following infection, supernatants and cell
pellets were harvested for determination of extracellular and intracellular titers, respectively. Data are
from triplicate measurements and expressed as means + standard deviations (error bars). (B)
Comparison of plaque sizes. Individual viruses were used to infect RK13 cells at an MOI of 0.0001
and overlaid with methylcellulose. Three days after infection, images of at least 80 plaques for each
virus were acquired with a camera. The plaque diameter of vAb4G was set as 100% and then the
relative plaque sizes for other viruses were calculated. Representative phenotype of viral plaque is
shown (green). Statistical significance (P < 0.05) is marked with an asterisk (*).

3.4.2 Abrogation of pUL43 does not impair virus production but slightly affects
cell-to-cell spread

It was unknown whether pUL43 is required for EHV-1 replication in horse fibroblasts. We,
therefore, performed one-step growth assays with the parental virus vAb4G, mutant
vUL43STOP and revertant vUL43STOP_R on equine NBL6 cells. At the indicated times after
infection, extracellular and intracellular titers were determined. With respect to the production
of virus progeny, there was no significant difference between the virus mutants lacking UL43
(ORF17) (Fig. 3.3A), suggesting that pUL43 is non-essential for virus replication. In parallel,
we analyzed the effects of pUL43 on viral cell-to-cell spread by measuring plaque sizes. The
average diameter of plaques induced by vUL43STOP was approximately 20% smaller than
those of the parental virus (P < 0.05). Repair of the stop codon in pUL43 restored plaque
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formation to the morphology seen for the parental virus (Fig. 3.3B). These results demonstrate
that pUL43 is non-essential for virus growth but involved in virus spread between cells. Our
findings are in agreement with the earlier studies on PRV and HSV-1, in which deletion of
UL43 proved dispensable for virus growth in vitro (Klupp et al., 2005; MacLean et al., 1991;
Powers et al., 1994).

3.4.3 Determination of the pUL43 expression pattern and degradation in lysosomes

In earlier reports on HSV-1 and PRV UL43, mRNA was detected as early as 2 h p.i. even in
the presence of phosphonoacetic acid (PAA), an inhibitor of viral DNA synthesis (Carter et al.,
1996; Powers et al., 1994). However, the expression kinetics of pUL43 throughout an
infection cycle has not been addressed in detail. Detection of pUL43 homologues by
SDS-PAGE and western blot analysis is complicated by the fact that they are predicted to be
highly hydrophobic polypeptides, which presents problems for the design and generation of
specific antibodies. After repeated failure to raise antibodies to EHV-1 pUL43, we decided to
fuse an HA tag with the N-terminus of the target protein. As mentioned before, insertion of
this epitope into the virus mutant (VHA-UL43) did not impair pUL43 function in MHC-I
downreglation or virus growth. In infected cells, the gene product of pUL43 was expressed as
a specific moiety of 34 kDa that could be detected from 2 h p.i. and the amount of protein
continued to increase until the 8 h time point; afterwards, the levels of detectable protein
began to decline (Fig. 3.4A). The single band was considered specific although it is
considerably smaller in apparent molecular weight compared to the predicted Mr of 43,000.
To determine the temporal class of pUL43 expression, viral DNA synthesis was chemically
inhibited with PAA, which noticeably inhibited the expression of pUL43 as well as the
production of gM that was used as a control. In contrast, the levels of the product of the early
IR6 gene were not affected by PAA treatment (Fig. 3.4A).

To determine whether pUL43 is degraded at later times of infection, we used different
inhibitors to block the pathways responsible for breakdown of cellular proteins. Our results
showed that expression levels of pUL43 were stabilized when infected cells were incubated
with chloroquine, an inhibitor of lysosomes. In contrast, lactacystin that inhibits the
proteasome did not protect pUL43 from degradation (Fig. 3.4B). Next, a combination of PAA
and chloroquine was used to confirm whether pUL43 is indeed an early protein. Compared to
the treatment with PAA alone, supplement of chloroquine in the presence of PAA resulted in
increased levels of pUL43 in infected cells (Fig. 3.4C). From these data, we concluded that
pULA43 is an early gene product and directed to the lysosomal pathway for degradation at later

times of infection.
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Figure 3.4 Determination of pUL43 expression pattern and degradation by lysosomes. (A)
Expression profile of pUL43 after infection. Cells were mock-infected or infected with vHA-UL43 at
an MOI of 3 in the absence or presence of PAA. Samples were harvested at different times p.i. (B)
Lysosomes rather than proteasomes are responsible for degradation of pUL43. After infection, cells
were maintained in culture media supplemented with 150 pM of chroloquine or 5 uM of lactacystin,
respectively, for 12 h and 16 h. (C) pUL43 is an early gene product and subjected to lysosomal
degradation during infection. Infected cells were treated with PAA, chroloquine or with both inhibitors
for 12 h. To detect proteins, cell lysates were prepared in RIPA buffer. After separation by SDS-12%
PAGE, proteins were transferred to PVDF membranes and incubated with anti-HA MAb, anti-gM
MAD or anti-pIR6 PAbs. The immunoblots were developed by enhanced chemiluminescence. B-actin
was included as a loading control. Molecular mass markers were run for each blot in parallel and sizes
indicated as kDa.

3.4.4 pULA43 is present in the Golgi and requires the transmembrane domains at the

C-terminus for correct localization

As the intracellular distribution of pUL43 was poorly defined, we performed indirect
immunofluorescence microscopy to follow pUL43 subcellular distribution. RK13 cell lines
that constitutively express EGFP-conjugated p-1,4-galactosyltransferase or calreticulin were
generated by transfection and selection in the presence of G418. Calreticulin and
[-1,4-galactosyltransferase are commonly used markers for the ER and Golgi compartments,
respectively (Gelebart et al., 2005; Russo et al., 1992). To avoid conflicts of EGFP signals
during visualization, the mini-F cassette present in vVHA-UL43 was excised by Cre-mediated
recombination, resulting in a modified virus VHA-UL43 M that lacks EGFP expression in
infected cells. RK13 cells expressing the individual compartment markers were infected with
vHA-UL43 M. After reaction with anti-HA monoclonal antibody, pUL43 was found to
predominantly localize to the Golgi apparatus. Moreover, the Golgi complex seemed partially
fragmented and pUL43 became dispersed into vesicles in infected cells (Fig. 3.5A). In
contrast, pUL43 was not apparently associated with structures that expressed the ER marker
(Fig. 3.5B). In transiently transfected cells, pUL43 was still distributed in a vesicular fashion,

which is consistent with the observations in infected cells (Fig. 3.5D).
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Figure 3.5 Subcellular localization of pUL43 and the role of TM domains at the C-terminus. (A)
Cells expressing EGFP-labeled [-1,4-galactosyltransferase, a Golgi marker (green). (B) Cells
expressing EGFP-labeled calreticulin, an ER marker (green). The two cell lines were mock-infected or
infected with vHA-UL43 M virus. At 6 h p.i., samples were fixed with 3.5% PFA in PBS and then
permeablized with 0.1% Triton X-100. A confocal laser scan microscope was used to visualize the
expression of pUL43 after sequential incubation with anti-HA MADb and Alex Fluor 568-conjugated
goat anti mouse IgG (red). Scale bar: 10 pum. (C) Domains of pUL43 homologues and phylogenic
analysis. Putative transmembrane (TM) domains were predicted by SOSUIL http://bp.nuap.
nagoyau.ac.jp/sosui). Identical amino acids are highlighted in black after multiple sequence alignment
with ClustalW 2.0 (http://www.ebi.ac.uk/Tools/msa/clustalw2). The RxR and RLAA motifs are
underlined with solid and dotted lines, respectively. Sequences of pUL43 proteins were derived from
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(Figure 3.5 continued) GenBank, including EHV-1 (YP _053062), EHV-4 (NP 045234), PRV
(AFI70808), VZV (NP _040138), MDV (YP 001033972), HSV-1 (AER37980) and HSV-2
(NP_044513). The phylogeny tree was constructed using the UPGMA method, after ten-thousand
bootstraps were executed by the MEGA 6.0 toolkit. Identity and similarity of the amino acid
sequences were calculated using the SIAS online tool with default settings (http://imed.med.
ucm.es/Tools/sias.html). (D) Expression of pUL43 and the truncated mutant lacking 4 TM domains at
the C-terminus. At 24 h after transfection with the indicated plasmids (green), cells were fixed and
stained with DAPI (blue). Images were acquired using an upright fluorescence microscope under a
100X oil objective. Scale bar: 5 pm.

Structurally, the C-terminus of pUL43 homologue contains 4 putative TM domains, which are
more conserved than those at the N-terminus in terms of their relative positions of amino
acids. Additionally, two motifs, RxR and RLAA, were identified within the C-terminus, which
are conserved amongst related viruses (Fig. 3.5C). When the protein was truncated by
removal of these four predicted TM regions, the shortened pUL43 appeared with a diffuse
pattern in the cytoplasm after transfection of an expression plasmid (Fig. 3.5D). Taken
together, these data demonstrated that pUL43 primarily localizes to the Golgi network and
suggested that at least one of the four predicted TM domains at the C-terminus are required

for correct subcellular localization.

3.4.5 The hydrophilic domain at the N-terminus plays a critical role in MHC-I
downregulation mediated by pUL43

The pUL43 homologues of HSV-1 and PRV are predicted to represent type III transmembrane
proteins (MacLean et al., 1991; Powers et al., 1994) (Fig. 3.5C). Apart from 10 putative TM
regions, the topology of EHV-1 pUL43 is characterized by a unique hydrophilic domain at its
N-terminus and an extremely short C-terminal domain. In addition, in silico analyses revealed
that no cleavable signal sequence is present, which led us to investigate the possible
involvement of the flexible domain in pUL43-mediated downregulation of MHC-I. Using en
passant mutagenesis, the region encompassing amino acids 3 to 40 was deleted, resulting in
the VHA-AN-ULA43 virus mutant (Fig. 3.1D). In infected cells, the pUL43 mutant lacking the
N-terminus appeared more focally localized and was present in fewer vesicles compared with
the full-length protein (Fig. 3.6A). Flow cytometry showed that expression of cell surface
MHC-I was higher in cells infected with vVHA-AN-UL43 or vUL43STOP, whereas dramatic
reduction of MHC-I levels was induced by vHA-UL43 (P < 0.05) (Fig. 3.6B). These results
suggest that the hydrophilic N-terminus is essential for the function of pUL43, possibly by
modulating intracellular sorting and/or trafficking of pUL43.
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Figure 3.6 The hydrophilic domain at the N-terminus plays a critical role in MHC-I
downregulation mediated by pUL43. (A) Putative structures of the pUL43 and the mutant lacking
the N-terminal 40 amino acids. Cells were infected with virus vHA-UL43 or mutant vHA-AN-UL43.
At 6 h p.i,, cells were incubated with anti-HA MADb and visualized after staining with Alex Fluor
568-conjugated goat anti mouse IgG (red) and DAPI (blue). Coverslips were inspected with a 100X oil
objective. Scale bar: 5 pm. (B) Virus vHA-UL43, vHA-AN-UL43 or vUL43STOP was used to infect
NBL6 cells for 6 h. Cellsells were collected for flow cytometry and triplicate assays were performed
independently. Data are expressed as means + standard deviations (error bars). Differences between
various treatments were evaluated by Student’s ¢ test. Asterisk (*) represents the significant level (P <
0.05); ns indicates no significant difference.

3.4.6 pUL43 and pULS56 cooperate to downregulate cell surface MHC-I in transfected
cells

Altough pUL56 was shown to be an inhibitor of cell surface MHC-I presentation at early
times of EHV-1 infection, this effect could not be achieved by transfection of a UL56
expression vector (Ma et al., 2012). As pUL43 and pUL56 share similarities in terms of
intracellular localization and expression patterns and deletion of both genes in one virus did
not have an additive effect (Fig. 3.1E and Fig. 3.7A), we hypothesized that the two proteins
cooperate to trigger downregulation of MHC-I molecules. To test our hypothesis, an
expression vector was constructed, which allows expression of pUL43 and pUL56 from a
single vector. In addition, we introduced a self-cleavable EGFP marker that was separated
from pULS56 by a P2A sequence to facilitate detection of transfected cells (Fig. 3.7B). We also
replaced all PPxY motifs of pUL56 with AAXY elements in this plasmid, resulting in the
pULS6(AY) mutant (Fig. 3.7C).
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Figure 3.7 Downregulation of MHC-I is induced by co-expression of pUL43 and pULS6 in
transfected cells. (A) Deletion of both pUL43 and pULS56 does not induce additional increase of
MHC-I expression. NBL6 cells were infected with individual viral mutant at an MOI of 3. At 6 h p.i.,
levels of cell surface MHC-I were measured by flow cytometry. There is no significant difference
between single and double deletion mutants. Asterisk (*) indicates statistical significance (P < 0.05).
(B) Strategy of engineering the co-expression vectors with a self-cleavable EGFP marker. The P2A
sequence was inserted between pUL56 and EGFP. The fragment of pUL56-P2A-EGFP was subcloned
into the pVITRO-UL43 vector after digestion with BamHI and Xbal. (C) Sequence alignment and
detection of the co-expression vectors. Mutations are highlighted in bold and italics. HEK293 cells
were transfected with the indicated vectors. At 24 h, expression of individual gene was detected by
immunoblotting (IB), following incubation with anti-HA MADb and anti-pUL56 PAbs, respectively.
B-actin was used as a loading control. (D) Downregulation of MHC-I caused by pUL43 and pULS56.
HEK293 cells were transfected with 500 ng of different expression plasmids. At 24 h, cells were
harvested and processed for flow cytometry analysis. Anti-HLA class I MAb (W6/32) was used to
react with cell surface MHC-I. CD58 was included as a negative control. Representative histograms

63



Chapter 3: Equine herpesvirus type 1 (EHV-1) multiply transmembrane protein pUL43
cooperates with pUL56 in downregulation of cell surface MHC class I

(Figure 3.7 continued) are from three independent assays. (E) Colocalization of pUL43 with pUL56.
HEK293 cells were transfected with plasmid pUL43-pUL56-P2A-EGFP for 24 h (upper). NBL6 cells
were infected with vHA-UL43 virus for 6 h (lower). Samples were fixed with ice cold acetone until
the EGFP fluorescence was quenched. After reaction with anti-HA MAb and anti-pUL56 PAbs, the
coverslips were stained with Alexa Fluor 488-labeled goat anti-mouse IgG (green) and Alexa Fluor
568-labeled goat anti-rabbit IgG (red). Images were captured by a confocal microscope with a 60X oil
objective. Scale bar: 10 um.

At 24 h after transfection, pUL43 and pUL56 or pULS56(AY) were detectable by western
blotting. As expected, some of the pUL56/UL56(AY)-P2A- EGFP protein was not completely
cleaved and migrated more slowly as determined by SDS-PAGE (Fig. 3.7C). Separate
expression of pUL43 or pUL56 did not induce downregulation of cell surface MHC-I (Fig.
3.7D; left panel). However, a dramatic reduction of cell surface MHC-I molecules was
observed in cells expressing both wild-type pUL43 and pULS56. In contrast, levels of cell
surface MHC-I remained stable in cells co-expressing pUL43 and pULS56(AY) (Fig. 3.7D;
middle panel). Expression levels of CD58, which was used as a negative control, were not
affected by co-expression of pUL43 and pUL56 (Fig. 3.7D; right panel). To further assess the
cooperation of pUL43 and pUL56, we performed indirect immunofluorescence followed by
confocal microscopy and found that pUL43 colocalized with pUL56 in transfected as well as
infected cells (Fig. 3.7E). These results are consistent with the conclusion that pUL43
cooperates with pUL56 to specifically induce downregulation of MHC-I on the cell surface in

transfected and infected cells.

3.5 Discussion

Antagonizing the MHC-I presentation pathway is an effective strategy to achieve immune
evasion and a result of the long co-evolution of herpesviruses and their respective hosts.
Different members of the Herpesviridae family encode a variety of viral proteins to reduce
MHC-I molecules on the cell surface and they achieve this by exploiting diverse mechanisms.
In the Alphaherpesvirinae, the ICP47 homologue of HSV-1 was the first protein identified
that blocks peptide binding by direct interaction with TAP (Fruh et al., 1995). Likewise, the
pUL49.5 homologues from the varicelloviruses, including bovine herpesvirus type 1
(BoHV-1), PRV, EHV-1 and EHV-4, interfere with the activity of TAP either by proteasomal
degradation and/or by inhibiting the affinity of ATP to TAP (Koppers-Lalic et al., 2005;
Koppers-Lalic et al., 2008). It is noted that the ICP47 homologues are absent in
varicelloviruses, but the pUL49.5 homologue of HSV-1 cannot mediate MHC-I
downregulation (Koppers-Lalic et al., 2005), suggesting that suppression of MHC-I pathway
by a particular gene product can be restricted to specific viruses and that it is not the action of

an individual protein but the end result that is conserved. Moreover, the US3 kinases of VZV,
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PRV and HSV-1 have also been demonstrated to be necessary for induction of downregulation
of MHC-I during productive infection (Deruelle et al., 2009; Eisfeld et al., 2007; Imai et al.,
2013). The mechanisms by which pUS3 homologues achieve downregulation vary greatly
between viruses and were shown to be highly dependent on the particular cell type infected.
Therefore, it is necessary to explore the entire repertoire of viral genes that hold the potential

of blocking MHC-I presentation based on the virus species of interest.

In our previous studies, the pULS56 homologue of EHV-1 was identified as a novel viral
protein that modulates presentation of MHC-I molecules at the cell surface by accelerating
dynamin-dependent endocytosis (Huang et al., 2014). However, pUL56 alone is not sufficient
to induce downregulation of MHC-I as it did so only in the context of viral infection,
implying that either direct or indirect interaction of a viral protein(s) with pUL56 is required
for MHC-I depletion. To test this hypothesis, we screened a single gene knock-out library of
EHV-1 and focused on genes that were predicted to be non-essential for virus growth and not
well defined with respect to function. These efforts led to identification of a viral ORF'17 gene
encoding the pUL43 homologue that we then showed to be involved in downregulation of
MHC-I at early times of infection, coinciding with the time when pULS56 was shown to exert
its function. Given that this is the first description of EHV-1 pUL43, we characterized its role
in virus growth and examined its expression pattern and subcellular localization. We found
that insertion of a stop codon within the open reading frame of pUL43 had little effect on
virus growth in vitro and only mildly inhibited virus spread between cells. These findings on
EHV-1 pULA43 are in agreement with its counterparts in HSV-1 and PRV (Klupp et al., 2005;
MacLean et al., 1991; Powers et al., 1994). Due to the difficulty in generation of specific
antibodies, the expression profiles of pUL43 homologues have not been well determined and
most of the available studies only focused on detection of mRNA transcripts. Treatment with
PAA to inhibit viral DNA synthesis revealed that mRNA transcripts of pUL43 homologues in
HSV-1 and PRV are produced with early kinetics and detectable as early as 2 h p.i. (Carter et
al., 1996; Powers et al., 1994). However, our expression kinetics showed that the production
of pUL43 in cells after EHV-1 infection was reduced when viral DNA synthesis was blocked,
suggesting that pUL43 could also be expressed as a late protein. However, in light of our
observation that the pUL43 protein is degraded in lysosomes at later times of infection we
currently surmise that pUL43 does represent a bona fide early and not a late protein and that
the reduced expression levels under PAA treatment are a result of degradation. This
conclusion is supported by an experiment in which addition of lysosome inhibitors resulted in
levels of pUL43 that were only marginally affected in the presence of PAA (Fig. 3.4C). It is
noteworthy that EHV-1 pUL43 is expressed as a single species without any detectable
post-translational modifications regardless of infection or transfection; however, the protein

migrates faster than predicted from its predicted molecular weight. This anomalous mobility
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as assessed after SDS-PAGE gel is commonly seen in all studied pUL43 homologues (Carter
et al., 1996; Klupp et al., 2005). A reasonable interpretation for this migration anomaly is that
pULA43 exhibits extraordinary hydrophobicity and, consequently, may not be fully accessible
to the detergent (Nybo, 2012). In this case, non-denatured pUL43 protein could aggregate and
migrate with a mobility that is faster than expected. This abnormal mobility would certainly

make difficult the identification of post-translational modification including ubiquitination.

Phylogenetic analysis predicts that pUL43 homologues are conserved in the
Alphaherpesvirinae (Klupp et al., 2005). pUL43 homologues commonly consist of multiple
TM regions, but have different numbers of TM domains and share low amino acid identity
(Fig. 3.5C). To ascertain the intracellular localization of pUL43, we applied confocal
microscopy, which revealed that pUL43 is primarily located to the Golgi apparatus, which
appears to be critically dependent on the most conserved TM domains at the C-terminus of the
protein. The pUL43 homologue of PRV is present in vesicles and inhibits syncytium
formation, indicating that it might be involved in trafficking of membrane proteins and
vesicles (Klupp et al., 2005). The Golgi is an organelle that directs sorting and trafficking of
proteins (Fullekrug and Nilsson, 1998; Joyce, 1997), such as the mature MHC-I complex.
Evidenced by localization of pUL56 to the Golgi network and its role in inhibiting MHC-I
presentation (Ma et al., 2012), it is conceivable that localization of viral proteins to the Golgi
compartment to obstruct MHC-I presentation would be an optimal strategy for immune
evasion. Our current model predicts that, similar to pUL56, pUL43 is targeted to Golgi and
endocytic vesicles. To this end, pUL43 specifies two pivotal domains. Firstly, the association
of pUL43 with the Golgi complex is maintained by the TM domains at the C-terminus;
secondly, the N-terminal hydrophilic domain determines the localization in vesicles that are

involved in directing the intracellular transport of MHC-I molecules.

Although both pUL56 and pUL43 are Golgi-associated viral proteins, neither of them is able
to cause downregulation of MHC-I independently. Arguably, the most significant finding of
this report is our demonstration that pUL43 and pULS56 collaborate in decreasing cell surface
MHC-I molecules (Fig. 3.7). This process requires the PPxY motifs present in the cytoplasmic
domain of the type II transmembrane protein pUL56. Similar to HSV-2 pUL56 (Ushijima et
al., 2008), the mutated EHV-1 protein also migrated faster as detected by SDS-PAGE when
the AAXY motifs were introduced instead of PPxY (Fig. 3.7C). The possibility cannot be
excluded that pULS56 is structurally altered, but we currently assume that the aberrant mobility
is caused by difference in electric charge, similar to the HSV-2 orthologue. The changes may
also be caused by the presumably absent interaction between EHV-1 pUL56 and Nedd4. Due
to technical limitations, we did not further investigate the mechanisms that regulate MHC-I

reduction after co-transfection of pUL43 and pULS56, but we favor a model in which pUL43
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and pULS56 orchestrate sorting of MHC-I to and degradation in endo-lysosomes, which is
mainly based on colocalization of pUL43 and pUL56 (Fig. 3.7E) and experimental evidence
elsewhere that includes the following: (i) PPxY motifs are required for the interaction of
pULS56 with the cellular E3 ubiquitin ligase Nedd4 (Ushijima et al., 2008); (ii) Trafficking of
viral proteins containing PPxY motifs towards endo-lysosomal pathway requires
Nedd4.1-mediated ubiquitination and recruitment of TSG101, a component of the ESCRT-1
complex (endosomal sorting complexes required for transport) (Blot et al., 2004); (iii) Nedd4
is known to ubiquitinate proteins with multiple transmembrane domains such as ion channels,
thereby facilitating endocytosis and degradation (Bongiorno et al., 2011). It is conceivable
that pUL43 is modified similarly and acts as an adaptor for MHC I class endocytosis where
pULS56 is the recruiter for Nedd4. This interpretation is consistent with the colocalization of
pULS56 and MHC-I in Golgi and endosomal vesicles during EHV-1 infection (Huang et al.,
2014).

It has been shown that EHV-1 strains differ in their potential to reduce cell surface MHC-I
expression. Infection with the Ab4 strain caused severe downregulation of MHC-I molecules,
while the levels of surface MHC-I were moderately reduced by infection with the RacL11
strain (Ma et al., 2012). This difference in modulation of MHC-I largely depends on the
presence of pULS56, but our results demonstrate that pUL43 and pULS56 cooperate to decrease
expression of cell surface MHC-I during virus infection and after transient transfection. We
surmise that EHV-1 strains, such as Ab4, which contain full-length pUL43 and pULS56, are
likely to cause MHC-I downregulation through interaction between the two proteins. In
contrast, RacL11 or other strains lacking pUL56 and/or pUL43 are unable to adopt this
immune evasion strategy. Apart from MHC-I, a variety of cell surface molecules might be
affected by cooperation of pUL43 with pULS56, as recently pULS56 has been shown to
modulate a selection of cell surface markers in equine mesenchymal stem cells after EHV-1
infection (Claessen et al., 2015). In the future, we will address questions on the involvement
of pUL43 in MHC-I downregulation by various EHV-1 strains, and the spectrum and
functional consequences of pUL43-pUL56 interaction.

In summary, our present study identified a new function for the poorly understood pUL43
homologue of EHV-1. pUL43 has an important role in modulating MHC-I presentation,
although it proves dispensable for virus growth and is subjected to lysosomal degradation in
the course of infection. Interestingly, combination of pULS56 and pUL43 induces
downregulation of cell surface MHC-I independently of viral infection. Our findings open a
new aspect of the complex landscape of viral immune evasion and may provide useful

insights into rational design of immunotherapies against EHV-1 infection.
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CHAPTER 4

Cumulative discussion

4.1 Inhibition of MHC-I antigen presentation pathway at various stages

Under the selective pressure caused by co-evolution, viruses have developed a series of
ingenious strategies, which ensure their persistent infection and protect them from being
eliminated by the host immune system. The crucial role of MHC-I presentation pathway in the
defense against viral infection is realized by activation of CTL-mediated immune responses
(Neefjes et al., 2011). Therefore, a variety of stages that control the production of functional
MHC-I molecules and stabilize MHC-I distribution at the cell surface have become the

inhibition targets of many viruses, especially herpesviruses (Hansen and Bouvier, 2009).

Prior to the assembly of MHC-I molecules in the ER compartment, some components from
invading viruses are processed into short endogenous peptides by proteasomal degradation.
These antigenic peptides are essential for the production of virus-specific MHC-I species.
Two viral proteins from gammaherpesviruses, named EBNA1 and LANAL1 (Levitskaya et al.,
1995; Bennett et al., 2005), are known to resist the activity of proteasomes and reduce the
supply of antigenic peptides for MHC-I loading, but no homologues are discovered in other

herpesviral subfamilies.

It is not surprising that the ER is a main organelle targeted by many viruses for MHC-I
downregulation, because the premature MHC-I heterodimers composed of a heavy chain and
a Pr-microglobulin reside in the lumen of ER. To become mature, the newly synthesized
MHC-I molecules need to properly carry viral peptides and migrate to the Golgi for further
modifications (Hewitt, 2003). To interfere with this stage, viruses exploit at least three distinct
mechanisms, including blocking the translocation of peptides, aberrant retention of MHC-I to
the ER, and induction of ER-associated degradation (Iannello et al., 2006). By far, all
representative members of Herpesviridae are equipped with their own proteins to impair the
assembly of the tri-molecular complex (MHC-I heavy chain, ,-miroglobulin and peptide) in

the ER through one of the mechanisms above.

During the modification process in the Golgi, the trafficking of MHC-I molecules encounters
another level of inhibition. CMV gp48 protein and HIV Nef protein represent the striking
examples of this category (Reusch et al., 1999; Roeth et al., 2004). Before reaching the cell
surface, MHC-I molecules are re-directed by these proteins from the frans-Golgi network to

the endo-lysosomal pathway for degradation. For herpesviruses, only CMV has been
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described to make use of such molecular mechanism. At the cytosolic tail of gp48, there is a
di-leucine (LL) motif that affects the normal sorting of MHC-I molecules by the Golgi
apparatus, thereby leading to their relocation and degradation in the lysosomes (Reusch et al.,
1999). Although the gp48 homologues are not present in other herpesviral subfamilies, the
possibility cannot be ruled out that similar strategy might be manipulated by other viral

proteins, particularly the Golgi-associated ones that contain putative sorting motifs.

Even if a few MHC-I molecules are eventually delivered to the plasma membrane, there is
still the last opportunity for viruses to subvert the stable presentation of MHC-I. By
accelerating endocytosis of MHC-I, the link between the infected cells and CTLs is directly
interrupted. Evidence for this mechanism has been well documented in the characterization of
KSHV kk3 and kk5 proteins. Levels of cell surface MHC-I were significantly decreased after
transfection of kk3 or kk5 (Coscoy and Ganem, 2000). Further studies revealed that these two
viral proteins have the activity of E3 ubiquitin ligase and catalyze the elongation of K63
ubiquitin chain at the cytoplasmic domain of MHC-I heavy chain (Duncan et al., 2006). As a
result of polyubiquitination, the targeted MHC-I molecules are internalized into endosomal
vesicles via recruitment of clathrin and ultimately degraded in the lysosomal compartments.
Except for the example of KSHYV, it remains enigmatic whether other herpesviral species have

evolved comparable strategies.

4.2 A unique array of viral inhibitors targeting MHC-I in alphaherpesviruses

With respect to their biological properties and evolutionary similarities, viral species from the
Herpesviridae can be further grouped into the alpha-, beta- or gamma- subfamilies. In
common, herpesviruses are able to propagate in permissive cells by lytic infection, and target
specialized cell types for persistent infection and reactivation. Specifically, alphaherpesviruses
tend to be neurotropic, while beta- and gamma- herpesviruses have the predisposition to
establish latency in lymphocytes (Paludan et al., 2011). Owing to such a great distinction
between these subfamilies, it is conceivable that alphaherpesviruses might depend on another
different kind of MHC-I inhibitors to circumvent CTL-mediated immunity. To date, there are
5 gene products encoded by the Alphaherpesvirinae, which account for MHC-I down-
regulation, including those of ICP47, US3, UL41, UL49.5 and UL56.

HSV ICP47 is the best characterized viral protein that interferes with the antigen presentation
pathway by targeting the assembly of MHC-I in the ER. The fundamental role of ICP47 is
determined by its direct interaction with TAP. Mechanistically, cytoplasmic distribution of
ICP47 competes with antigenic peptides for binding to the ER-resident TAP complex, thereby

reducing the production rate of functional MHC-I molecules (Fruh et al., 1995); however,
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ICP47 orthologue is exclusively present in the Simplexvirus genus. Recently, some pUL49.5
homologues from the genus Varicellovirus have also been shown to inhibit the activity of TAP
required for peptide transport. Interestingly, the mechanisms of pUL49.5 proteins vary greatly,
which depend on virus species. BoHV-1 pUL49.5 undermines the integrity of TAP by
inducing abnormal degradation in proteasomes (Koppers-Lalic et al., 2005), whereas the
pUL49.5 homologues of PRV, EHV-1 and EHV-4 function as a barrier that limits the transfer
of ATP to TAP (Koppers-Lalic et al., 2008). Collectively, ICP47 and pUL49.5 represent a sort
of MHC-I inhibitors that play their roles by interfering with the formation of peptide loading

complex, a process that occurs in the ER lumen.

pUS3 is an extensively studied protein and has been shown to inhibit the surface expression
of MHC-I, but the precise molecular basis remains poorly understood. VZV pUS3 by itself is
able to restrain the process of MHC-I maturation in the cis/medial-Golgi compartment, which
requires its activity of serine/threonine protein kinase (Eisfeld et al., 2007). In contrast, levels
of MHC-I at the cell surface were not affected by overexpression of HSV-1 pUS3 (Imai et al.,
2013). For the varicelloviruses of veterinary importance, PRV pUS3 has been reported to
decrease surface remaining MHC-I levels (Deruelle et al., 2009), but such an effect cannot be
achieved in the example of EHV-1 pUS3 (Ma et al., 2012). Although it has been clear that the
pUS3 kinase activity plays a central role in MHC-I downregulation, the action mode of a
given pUS3 homologue is dictated by different cell types, potential phosphorylation targets
and infection stages. Obviously, these multiple factors will make it difficult to elucidate how
pUS3 functions. In addition, the virion host shutoff (vhs) protein pUL41 is conserved in all
members of the Alphaherpesvirinae subfamily and posseses the RNase activity that
indiscriminately degrades mRNA transcripts of MHC-I and other proteins for antigen
presentation in host cells (Smiley, 2001; Smiley et al., 2004). However, not all pUL41
homologues can inhibit the de novo synthesis of MHC-I and its subsequent display on the cell

surface, at least EHV-1 pUL41 represents an exception (Chapter 3; Table 3.2).

Unlike the other alphaherpesviruses, EHV-1 does not have the homologue of ICP47, and both
its pUS3 and pULA41 fail to exert influence on the production and surface expression of
MHC-I, indicating that EHV-1 encodes a distinct collection of candidate proteins involved in
modulating MHC-I distribution. This speculation has been confirmed by our recent
identification of pUL56 as a novel MHC-I inhibitor (Ma et al., 2012; Said et al., 2012). In
Chapter 2, the first study of this thesis experimentally corroborated the idea that endocytosis
contributes to downregulation of MHC-I mediated by pUL56. Upon internalization, MHC-I
vesicles are delivered to lysosomal compartments for degradation. This machinery is initiated
by activation of dynamin and requires ubiquitination. Based on these major findings, pUL56

emerges as the third viral protein, following KSHV kk3 and kk5, that triggers decrease of cell
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surface MHC-I through induction of endocytosis; however, the precise mechanism by which
pULS56 causes surface MHC-I reduction seems completely different from that of kk3 and kk5,

as pULS56 on its own is neither a kinase nor an E3 ubiquitin ligase.

Besides the 5 proteins discussed above, the entire repertoire of MHC-I modulators in
alphaherpesvirus should embrace more candidates to establish overwhelming suppression of
the virus-specific CTL-dependent immunity. Over the past 2 decades, our growing knowledge
of herpesviruses has benefited a lot from the widespread application of infectious bacterial
artificial chromosomes (BACs) (Hall et al., 2012). For EHV-1, the genomes of several isolates
that cause differential clinical symptoms have been constructed as BACs and preserved in
Escherichia coli (Rosas et al., 2006). Meanwhile, the improvement of BAC mutagenesis
techniques enables rapid deletion and alteration of sequences (Tischer et al., 2006). Based on
the available EHV-1 BACs and our efficient en passant protocol, creation of a single-gene
knockout library has become feasible, and screening of EHV-1 mutants holds promise to
discover more viral gene products that antagonize the MHC-I antigen presentation pathway
(Fig. 4.1). As a rule of thumb, this strategy can also be extended to other members of the

Alphaherpesvirinae.
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Figure 4.1 Procedure for screening EHV-1 mutants. The EHV-1 Ab4 strain was previously cloned
as an infectious BAC in our lab. According to the information from its reference genome (GenBank
accession number: NC_001491.2), each ORF in the BAC was disrupted by integration of a selection
gene using en passant mutagenesis. RK13 cells were transfected with the engineered BAC DNA to
reconstitute the deletion mutant. Then equine NBL6 cells were infected with individual knockout virus.
In early time of infection (6 h p.i.), cells were harvested and subjected to detection of surface MHC-I
levels by flow cytometry.

4.3 Cooperation of pUL43 and pULS56 as a novel model for MHC-I downregulation

Although EHV-1 infection in the presence of pULS56 causes significant reduction of MHC-I at
the cell surface, transfection of pUL56 is insufficient to trigger similar effect (Ma et al., 2012),

suggesting that there is at least one additional viral gene product that directly or indirectly
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cooperates with pUL56 to mediate MHC-I downregulation. Based on this hypothesis, the
second study of this thesis (Chapter 3) was designed to look for the potential partner in
cooperation with pUL56. By screening a single-gene knockout library of EHV-1, the
homologue of UL43 (pUL43) was identified to potently block surface MHC-I presentation in
EHV-1-infected cells. Coincidently, the expression kinetics and subcellular localization of
pUL43 are in line with those of pULS56. This clue inspired us to test the putative effect of
co-expression of pUL43 and pULS56 on modulating the turnover of MHC-I. Our results
demonstrate that pUL43 and pULS56 virtually act in concert to prevent cell surface MHC-I
expression. Furthermore, we found that the cooperation leading to reduced MHC-I expression
is dependent on the PPxY motifs of pULS56.
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Figure 4.2 EHV-1 antagonizes the MHC-I pathway for immune evasion. Upon virus entry,
breakdown of EHV-1 particles occurs and viral proteins are processed by the proteasomal system.
Then the viral peptides are presented by MHC-I to the cell surface. During this process, EHV-1
employs two strategies to reduce expression of cell surface MHC-I. In the first strategy, pUL49.5
interferes with the activity of TAP1-TAP2 heterodimer, thereby inhibiting the production of mature
MHC-I. In the second strategy, pUL43 and pULS56 cooperate to enhance internalization of MHC-I
molecules at the cell surface, resulting in the subsequent degradation of MHC-I and pUL43 in
lysosomal compartments. As a consequence of insufficient virus-specific MHC-I, the infected cells are
less sensitive to the elimination by CTLs and serve as reservoir for progeny virus. CTL: cytotoxic T
lymphocyte; TAP: transporter associated with antigen processing; TCR: T cell receptor; Ub: ubiquitin.
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Phylogenetic analyses revealed that the homologues of pUL43 and pULS56 are conserved in
the Alphaherpesvirinae subfamily (Klupp et al., 2005; Ushijima et al., 2010). In different
virus species, pUL43 homologues are predicted as type III tranmembrane (TM) proteins, but
the number of their TM domains appears to be not constant. Regardless of its striking
hydrophobicity, pUL43 harbors an N-terminus and a spanning in the middle, both of which
are hydrophilic and face towards the cytoplasm (Fig. 3.6). Hence, it is assumed that these two
regions likely contain the binding sites for viral and/or cellular proteins that affect the
trafficking of MHC-I molecules. With regard to pULS56, it is characterized by the topology of
a type Il TM protein and has a cytoplasmic domain where its three proline-rich (PPxY) motifs
interact with a cellular E3 ubiquitin ligase, Nedd4 (Ushijima et al., 2008). Owing to the
limited time, this thesis did not experimentally address the concern about how pUL43 and
pULS56 work synergistically to trigger MHC-I downregulation. However, a plausible
explanation can be deduced based on the data from Chapter 2 along with the biological
properties of pUL56 and PPxY motifs documented elsewhere (Blot et al., 2004; Ushijima et
al., 2009). To be short, this model delineates that vesicles carrying pUL43, pUL56 and MHC-I
are directed to the endo-lysosomal pathway via endocytosis or sorting at the trans-Golgi
interface, which requires the ubiquitination cascade mediated by Nedd4 (Fig. 4.2). Given that
pULA43 and pULS56 are evolutionarily prevalent in alphaherpesviruses, their collaboration may
underlie an ancient mechanism that neutralizes the output of cell surface MHC-I during lytic
infection to delay the ensuing CTL response in vivo. Currently, in-depth studies have been
conceived to examine whether pUL43 is ubiquitinated and how the MHC-I molecules, in the

presence of pUL43 and pULS56, are transported to the lysosomes for degradation.

4.4 Extensive roles of viral immunomodulatory proteins

Accumulating evidence suggests that inhibition of MHC-I antigen presentation can only
provide limited evasion from the attack by the host immune system. Alternatively, NK cells
constitute a complementary network dealing with those virus-infected cells that skip the
killing by CTLs. Antibody-dependent , cell-mediated cytotoxicity (ADCC) allows NK cells to
sense and eliminate the abnormal cells that are suspiciously dominated by invading pathogens
(Iannello et al., 2006). To efficiently impede NK cell lysis, viruses are likely to broaden the
modulation range of their immune evasion proteins. For instance, KSHV kk5 represents such
a promiscuous inhibitor that not only affects binding of ligands (MICA and MICB) to NK cell
activating receptors (Thomas et al., 2008) but also targets a selection of cell surface molecules
involved in secretion of cytokines and chemokines (Nathan and Lehner, 2009). During EHV-1
infection, reduction of cell surface CD46 and CD63 was also induced by pUL56 and pUL43
(Fig. 2.8 and Fig. 4.3, respectively). Compared to the wild type, ponies challenged with
pULS56-deficient mutant exhibited higher levels of IL-8 expression and suffered milder nasal
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discharge and shorter primary fever (Soboll Hussey et al., 2011). Recently, pUL56 has been
reported to affect cytokine expression and chemotaxis in equine respiratory epithelial cells,
leading to a general modulation of innate immune responses (Soboll Hussey et al., 2014). In
the future, it is tempting to investigate whether pUL43 brings about comprehensive immune

effects on respiratory epithelium as well as host animals.
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Figure 4.3 pUL43 affects additional surface proteins. After infection with each virus for 24 h, cells
were harvested and incubated with primary MAb against CD46, CD58, CD59, CD63 or CD95. Alexa
Fluor 647 conjugated goat anti-mouse IgG was used as a secondary antibody. Samples were analyzed
by flow cytometry. The FL4-H axis indicates the mean fluorescence intensity of the given surface
markers. Downregulation of CD46 and CD63 was dramatically alleviated by abrogation of UL43 gene,
but not for the other tested markers. Shown are the representative histograms of two independent tests.

4.5 Conversion of threat into welfare

Since there is no permanent treatment for any herpesvirus infection, vaccination remains the
most effective measure to prevent the transmission of EHV-1 in horse populations. Current
commercial vaccines are able to elicit robust humoral immunity but unable to fulfill
satisfactory protection primarily because of scarce induction of cellular immunity (Kydd et al.,
2006). Virus mutant incapable of repressing MHC-I expression can be developed as a
candidate live vaccine, whch is supposed to safely induce antiviral T cell responses. This idea
has been supported by a study of challenge infection in which calves immunized with a
BoHV-1 mutant lacking UL50, UL49.5, UL49 genes were least susceptible to clinical diseases
(Liang et al., 1997). Therefore, our continuous understanding of the MHC-I inhibitor list, now
at least including pUL43, pUL49.5 and pUL56 for EHV-1, will shed light on rational design
of novel vaccines to better prime virus-specific CD8" CTLs. Moreover, these 3 proteins are
encoded by genes non-essential for virus replication. In the context of modified live EHV-1

vector, these loci can be considered for insertion of multiple foreign sequences.
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Equine Herpesvirus Type 1 (EHV-1) pUL56 Promotes Dynamin-dependent Endocytosis
and Cooperates with pUL43 for Downregulation of Cell Surface MHC class I

As a member of the Alphaherpesvirinae, Equine herpesvirus type 1 (EHV-1) is a prevalent
pathogen that causes health risk to horse populations worldwide. To establish persistent
infection, EHV-1 has evolved an elegant system to escape from recognition and elimination
by host immune responses. Usually in mammalian cells, viral infection is a danger signal and
activates antigen presentation mediated by major histocompatibility complex class I (MHC-I).
On the cell surface, MHC-I molecules carrying viral antigenic peptides recruit cytotoxic T
lymphocytes (CTLs), which in turn kill the virus-infected cells and thus restrain the systemic
circulation of virus. However, we recently found that pUL56, a viral component of EHV-1,
functions as a major player to effectively prevent MHC-I presentation on the cell surface in
vitro and affect a broad range of immune responses in vivo. These facts invoke a question

about the molecular basis of pUL56.

Using different pharmacological inhibitors, the endo-lysosomal pathway was determined to be
responsible for internalization and degradation of cell surface MHC-I upon EHV-I infection,
which concurred with the early expression of pULS56. Further study revealed that dynamin
and tyrosine kinase were required for pUL56-induced MHC-I endocytosis, but this endocytic
process was not affected by inhibition of clathrin or caveolin-1, which primarily constitutes
clathrin- and raft/caveolae-mediated endocytosis pathway, respectively. Moreover, significant
restoration of cell surface MHC-I was observed in the presence of the ubiquitin-activating
enzyme E1 inhibitor PYR41, suggesting that ubiquitination plays a dominant role in induction
of MHC-I downregulation. Apart from MHC-I, pUL56 also triggered reduced expression of
other cell surface molecules, including CD46 and CD63.

It is noted that pULS56 by itself is unable to induce MHC-I downregulation in transfected cells,
indicating that interaction of another viral protein with pULS56 might be required for this
process. To search for the elusive pUL56 interactor, we screened a single gene knockout
library of EHV-1 mutants and identified pUL43, encoded by ORF17 gene, as a novel protein
that modulates antigen presentation by MHC-I. Specifically, downregulation of cell surface
MHC-I was significantly attenuated when cells were infected with the virus mutant containing
a stop codon in place of ORFI7 gene, which highlights the important role of pUL43 in
regulating presentation of MHC-I to the cell surface. pUL43 is evolutionarily conserved
throughout the Alphaherpesvirinae subfamily and contains 10 putative transmembrane (TM)

domains. Despite mild influence on cell-to-cell spread, EHV-1 pUL43 proved dispensable for
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virus replication and release. Expression of pUL43 was detectable from 2 h post infection (h
p.i.) and increased until 8 h p.i.; afterwards, the pUL43 protein was degraded in lysosomes.
Indirect immunofluorescence analysis revealed that pUL43 co-localized with the Golgi
apparatus and required the TM domains at the C-terminus to maintain the formation of
vesicles. Furthermore, deletion of its hydrophilic region at the N-terminus (amino acid
residues 3-40) compensated the low levels of surface MHC-I expression in infected cells.
Intriguingly, co-transfection of pUL43 and pULS56 dramatically prevented surface retention of
MHC-I, which depended on the PPxY motifs in the cytoplasmic domain of pUL56.

In summary, this dissertation addressed two major concerns: (i) The mechanism of pUL56, by
which EHV-1 infection promotes the internalization of cell surface MHC-I molecules via the
dynamin-dependent endocytic pathway; (ii) Identification and characterization of pUL43 as a
novel MHC-I modulator that acts in concert with pULS56 for regulation of cell surface MHC-I
expression. These findings advance our understanding of the intricate strategy that EHV-1
manipulates to circumvent the CTL-mediated immunity and meanwhile shed light on the

possible optimization of vaccines against EHV-1 infection.
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Zusammenfassung

pUL56 des Equinen Herpesvirus Typ 1 (EHV-1) fiihrt zur Steigerung der Dynamin-
abhiingigen Endozytose und in Kooperation mit pUL43 zur Herabregulation von
MHC-Klasse I Molekiilen auf der Zelloberfléiche

Das Equine Herpesvirus Typ 1 (EHV-1), ein Mitglied der Alphaherpesvirinae, ist ein weit
verbreitetes Pathogen und stellt ein Risiko fiir Pferdepopulationen weltweit dar. Um eine
persistierende Infektion zu etablieren, bedient sich das Virus eines raffinierten Systems zur
Umgehung der zelluliren Immunabwehr. Normalerweise 16sen Virusinfektionen
Gefahrensignale aus, welche zur Antigenprisentation auf infizierten Zellen durch den
Haupthistokompatibilitidtskomplex Klasse I (major histocompatibility complex class I, MHC-I)
fithren. Durch die Prdsentation antigener viraler Peptide durch MHC-I Molekiile auf der
Zelloberfliche werden zytotoxische T-Zellen (cytotoxic T lymphocytes, CTL) rekrutiert.
Diese toten Virus-infizierte Zellen ab und verhindern so eine systemische Virusausbreitung.
Wie wir kiirzlich zeigen konnten, ist das EHV-1-Protein pUL56 ein Hauptakteur in der
effektiven Reduktion der MHC-I-Présentation in vitro was weitreichende Folgen auf die
Immunantwort in vivo hat. Diese Fakten werfen Fragen iiber den molekularen

Wirkmechanismus von pUL56 auf.

Mit Hilfe von verschiedenen pharmakologischen Inhibitoren konnte die endo-lysosomale
Maschinerie fiir die Internalisierung und den Abbau der MHC-I-Molekiile auf der
Zelloberflache nach einer EHV-1 Infektion verantwortlich gemacht werden, was auch mit der
frithen Expression von pUL56 koinzident war. Weitere Experimente zeigten, dass Dynamin
und Tyrosinkinasen fiir die Endozytose von MHC-I erforderlich sind und dass eine Inhibition
von Clathrin (Clathrin-vermittelte Endozytose) oder Caveolin-1 (Caveolae-vermittelte
Endozytose) keinen Einfluss auf die Endozytose des MHC-I hat. Auflerdem konnte in
Anwesenheit von PYR41, einem Inhibitor des Ubiquitin-aktivierenden Enzyms EI,
beobachtet werden, dass die Anzahl der MHC-I-Molekiile auf der Zelloberflache signifikant
anstieg. Dies legte nahe, dass die Ubiquitinierung eine wichtige Rolle in der Verminderung
von MHC-I auf der Zelloberfldche spielt. Neben MHC-I-Molekiilen wurde durch pUL56 auch
die Prasenz anderer Molekiile auf der Zelloberfldche reduziert (u.a. CD46, CD63).

Wie bereits bekannt ist, ruft pULS6 alleine in Transfektionsexperimenten keine
MHC-I-Reduktion hervor, was darauf hindeutete, dass eine Interaktion von pUL56 mit einem
anderen viralen Protein fiir diesen Prozess notwendig ist. Zur Identifizierung dieses
unbekannten Interaktionspartners wurde eine EHV-1 Knockout-Bank erstellt und analysiert.
Mit pUL43, das durch den offenen Leserahmen (open reading frame, ORF) 17 kodiert ist,
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wurde ein neues Protein identifiziert, welches die MHC-I-Antigenprisentation moduliert.
Nach Infektion von Zellen mit einer ORF7-Stop-Virusmutante kam es zur signifikanten
Abschwichung der Reduktion von MHC-I auf der Zelloberflache. Dies weist auf eine zentrale
Rolle von pULA43 in der Prisentation der MHC-I-Molekiile auf der Zelloberflache hin. pUL43
ist in allen Alphaherpesvirinae  konserviert und enthdlt 10 mutmaBliche
Transmembrandominen (TM). Obwohl EHV-1 pUL43 die Zell-zu-Zell-Virusausbreitung in
geringem Male beeinflusst, ist es weder essentiell fiir Virusreplikation noch fiir
Virusfreisetzung. Die Expression von pUL43 war ab 2 Stunden nach Infektion nachweisbar
und stieg bis 8 Stunden nach Infektion an. Danach wurde pUL43 durch lysosomale Aktivitat
degradiert. Mit Hilfe von indirekter Immunfluoreszenz konnte gezeigt werden, dass pUL43
mit dem Golgi-Apparat kolokalisert und die TM-Doménen am C-Terminus fiir eine
Aufrechterhaltung der Golgi-Vesikel essentiell sind. AuBerdem hatte eine Deletion der
hydrophilen Region am N-Terminus (Aminosduren 3 bis 40) eine Kompensation der
geringerne Anzahl an MHC-I-Molekiilen auf der Zelloberfliche zur Folge. Interessanterweise
verhinderte eine Ko-Transfektion von pUL43 mit pUL56 die Aufrechterhaltung von MHC-I
auf der Zelloberflache grofBtenteils, bedingt durch die PPxY-Motive des zytoplasmatischen
Teils von pUL56.

Zusammenfassend adressiert diese Arbeit zwei zentrale Komplexe: (i) den Mechanismus von
pULS6, durch den eine EHV-1 Infektion die Internalisierung von MHC-I-Molekiilen von der
Zelloberfliche via Dynamin-abhéngiger Endozytose hervorruft; (ii) die Identifikation und
Charakterisierung von pUL43 als neuen MHC-I-Modulator, der zusammen mit pUL56 die
MHC-I-Expression auf der Zelloberfliche reguliert. Diese Erkenntnisse filhren zu einem
besseren Verstidndnis, wie EHV-1 die durch CTL mediierte Immunantwort manipuliert und

zeigen gleichzeitig Mdglichkeiten zur Optimierung gingiger EHV-1-Impfstoffe auf.
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