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ABSTRACT

IDENTIFICATION OF PSGL-1 AND THE SHREK FAMILY OF PROTEINS AS
BROAD-SPECTRUM ANTIVIRAL HOST FACTORS

Deemah M. Dabbagh, Ph.D.
George Mason University, 2021

Dissertation Director: Dr. Yuntao Wu

PSGL-1 (P-selectin glycoprotein ligand-1) is a dimeric, mucin-like glycoprotein with a
molecular weight of 120 kDa and functions as a ligand for P-, E-, and L-selectins. PSGL-
1 is predominantly expressed on the surface of myeloid cells and lymphoid cells and is
up-regulated during inflammation to mediate leukocyte tethering and rolling on the
endothelium's surface for migration into inflamed tissues. Previous work has reported
that PSGL-1 expression restricts HIV-1 infectivity. However, the mechanism by which
PSGL-1 inactivates HIV-1 infectivity remained elusive. Here, we demonstrated that
PSGL-1 inhibits HIV-1 particle infectivity by incorporating into assembling virion
particles and subsequently preventing virus particle binding to target cells through steric
hindrance. The anti-HIV effect of PSGL-1 occurred irrespectively of receptor usage;
particles bearing either the HIV-1 envelope glycoprotein, the vesicular stomatitis virus G

(VSV-QG) glycoprotein, or completely lacking viral glycoproteins were all impaired in



their ability to bind target cells. Mutational mapping revealed that the extracellular
domain of PSGL-1 is required for its anti-HIV-1 activity, while the cytoplasmic domain
slightly contributed to virus inhibition. Additionally, we found that PSGL-1 inhibits the
infectivity of other enveloped viruses including murine leukemia virus and influenza A
virus, indicating that PSGL-1 is a host factor with broad-spectrum antiviral activity. We
also tested a panel of mucins and mucin-like molecules that share structural features with
PSGL-1(CD43, TIM-1, CD34, PODXL1, PODXL2, CD164, MUCI1, MUC4, and
TMEM123). We found these proteins also inactivated HIV-1 infectivity. We
demonstrated that, like PSGL-1, these mucin domain-containing proteins block HIV-1
infectivity by inhibiting virus particle attachment to target cells. Based on their shared
structural characteristics and antiviral activity, we have named these proteins the Surface-
Hinged, Rigidly Extended Killer (SHREK) family of virion inactivators. Besides
inhibiting HIV-1, the proteins tested blocked infection by the influenza A virus and a
subset of them inhibited the infectivity of a hybrid alphavirus-SARS-CoV-2 (HaCoV?2)
pseudovirus, demonstrating that SHREK proteins are broad-spectrum host antiviral
factors. Collectively, these results suggest that SHREK proteins may be a part of host

innate immunity against enveloped viruses.



CHAPTER ONE: INTRODUCTION

Overview of HIV Disease

HIV-1, the causative agent of AIDS (acquired immunodeficiency syndrome), has
caused one of the world’s most devastating pandemics in history (1-4). Despite the
availability of treatments that suppress viral replication, HIV-1 remains a serious public
health challenge (4-6), with approximately 38 million people living with HIV/AIDS as of
2020 (7). CD4 T cells, the central mediators of the immune response, are the primary
targets of HIV infection (8, 9). Following transmission through mucosal membranes, HIV
quickly spreads to lymphoid tissues where the virus replicates (10-12). Subsequently, the
viral load (HIV RNA concentration in the plasma) rises and becomes detectable in the
blood at about two weeks post-exposure due to rapid replication. During this period of
acute infection, HI'V patients may experience short-lasting symptoms including fever,
lymphadenopathy, rashes and malaise. Other patients may show more-severe
complications, such as meningitis, while a good number of people remain asymptomatic
(12). Within a few months after infection, innate and adaptive immune responses can
partially mitigate viral replication (11, 13, 14). As a result, the viral load declines to a
stable point called the “setpoint” (14, 15). Nevertheless, the immune system is unable to
clear the infection and the patient enters a long period of clinical latency, characterized

by a progressive reduction in CD4 T cell numbers along with low level viral replication



and chronic inflammation (12, 16, 17). Early during the acute phase of infection, HIV
viral reservoirs are established primarily within memory CD4 T cells. Reservoirs may
also be established in naive CD4 T cells, monocytes, tissue macrophages, brain
microglial cells, and hematopoietic stem cells (HSCs) (18). Integration of HIV DNA into
the host chromatin allows the virus to persist and to undergo numerous replication cycles,
for as long as the host cell remains alive (19). Highly active antiretroviral therapy
(HAART) suppresses viral replication and prevents new cells from getting infected.
However, HAART cannot purge the virus from the cells in which HIV DNA has already
been integrated (19). Moreover, even though HAART can reduce the viral load to
undetectable levels, low levels of replication continue to take place, often leading to the
evolution of viral quasispecies (16, 17). The erroneous nature of reverse transcriptase,
recombination events and short generation times are all contributors to quasispecies
development, which ultimately increases the incidence of drug resistance (20). Thus, the
establishment of latent reservoirs in long-lasting cell populations combined with the
continuous low level viral replication is the primary obstacle standing in the way of
completely eradicating the infection (19).

If left untreated, HIV infection leads to a significant loss of CD4 T cells, which is
the hallmark feature of HIV infection (21, 22). This drastic decline in CD4 T cells is
believed to be multifactorial (22, 23). One of the oldest hypotheses on the underlying
mechanisms of CD4 T cell depletion is that the virus destroys CD4 T cells by direct viral
attack (24, 25). According to this hypothesis, also called the “tap and drain” theory, the

CD4 T cells (analogous to water in a sink) are continually being eliminated out by HIV



(the drain), while the body is constantly replacing them with new cells (the tap).
However, this balance is eventually disrupted when efforts to produce CD4 T cells for
restoring homeostasis are exhausted (26). This theory has been validated by quantitative
image analysis on HIV-1 infected patients revealing a reduction in the numbers of CD4 T
cells and an increase in cellular proliferation and apoptosis (27, 28). Early in the
infection, the accelerated production and destruction of CD4 T cells is accompanied by
continuous replacement of dead CD4 T cells with native CD4 T cells that originate from
the thymus (27). Reports have shown that during HIV infection, approximately 1 billion
HIV particles are produced daily. This increases the number of infected CD4 T cells (27),
causing the infection to spread to memory T cells in the thymus where the virus further
replicates. HIV infection of memory CD4 T cells triggers their elimination through a
process believed to be mediated by HIV integration. It has been found that HIV
integration induces cell death by activation of DNA-dependent protein kinase (DNA-PK)
and by phosphorylation of p53 (28). However, this direct attack model does not explain
how un-infected CD4 T cells die. Therefore, the pathogenesis of AIDS cannot be entirely
explained by this hypothesis (23).

Another well-accepted model for explaining CD4 T cell depletion is the
hyperimmune activation hypothesis. This model suggests that during HIV infection, there
is a high rate of cell division among CD4 T- and CD8 T-, NK-, and B cells, accompanied
with an upregulation of cell activation markers, which collectively leads to immune
dysfunction (29). It was suggested that the constant activation of CD4 T cells causes their

premature loss by activation-induced cell death or apoptosis (26). Studies on HIV-1



infection have demonstrated that the immune system of HIV-infected individuals remains
in a hyperactive state characterized by high T cell turnover, non-specific T cell activation
and proliferation, polyclonal activation of B cells, and increased proinflammatory
cytokines (30). HIV has been found to activate the immune system via induction of
inflammatory cytokines (23), and through mechanisms mediated by viral gene products
(23, 26). Nef and Vpr have been found to stimulate monocytes and macrophage cells
(23), while HIV RNA has been shown to activate plasmacystoid dendritic cells through
toll-like receptor-mediated recognition, which induces the production of interferon (31).
Further, the mere presence of HIV DNA in the cytoplasm has been shown to cause
caspase-1 activation and release of proinflammatory cytokines including interleukin (IL)-
1B (31), suggesting that even abortive HIV infection could induce immune activation if
there is viral DNA in the cell.

Apoptosis is also a well-recognized mechanism known to contribute to CD4 T
cell loss in HIV infection. In T cell types that are permissive to HIV infection, apoptosis
was found to be mediated by caspase-3 (32). However, in non-permissive T cell subsets
that do not support HIV replication, cell death is believed to occur through pyroptosis, a
highly inflammatory form of programmed cell death, driven by caspase-1 (32). During
pyroptosis, the dying cell releases all its cytoplasmic contents, including inflammatory
cytokines, which then trigger pyroptosis in other T cells in a continuous cycle of abortive
“bystander” T cell depletion (33). Studies have demonstrated that only 5% of CD4 T cell
depletion is attributed to apoptosis, while the 95% remaining quiescent lymphoid CD4 T

cells die from caspase-1-mediated pyroptosis triggered by abortive viral infection (32,



33). Pyroptosis can therefore be regarded as a contributor to both CD4 T cell depletion
and chronic inflammation, creating a recurring pathologic cycle in which dying CD4 T
cells release inflammatory signals that stimulate other cells to die (34).

A patient is considered to have clinical AIDS when the CD4 T cell blood count
drops below 200 cells/ml (35). At this stage, individuals become prone to various
opportunistic bacterial, viral, and fungal infections, and many oncological complications
(36). Most of the HIV-related deaths result from these AIDS-associated infections and/or
cancers, rather than being a direct effect of HIV (36, 37). The currently administered
HAART regimen typically comprises a combination of three drugs: dual nucleoside
reverse transcriptase (RT) inhibitors (NRTIs) plus a non-nucleoside RT inhibitor or
integrase inhibitor (38, 39). HAART is highly effective and can completely or nearly
completely suppress HIV replication (39). However, these drugs do not offer a cure,
necessitating lifelong treatment, which is associated with drug toxicity and an increased
risk of viral resistance (19, 40). Thus, there is a vital need for research geared towards
exploring novel therapeutic strategies, including those that target steps in the viral
replication cycle not addressed by currently available drugs.

HIV-1 Biology and Replication Cycle

HIV-1 is an enveloped virus belonging to the family Retrovirdae and the
Lentivirus genus (41). Its genome comprises two identical copies of single-stranded,
positive-sense RNA encoding nine open reading frames that produce 15 proteins with
structural and regulatory functions (41, 42). HIV-1’s replication cycle can be divided into

an early and a late phase. The early phase events include: (a) virus attachment to cell



surface receptors; (b) viral entry; (c) reverse transcription of the viral RNA to cDNA; (d)
uncoating of the viral capsid; nuclear import of viral DNA, and (e¢) DNA integration. The
late phase events comprise: (a) transcription of viral genes; (b) export of viral RNAs from
the nucleus to the cytoplasm; (c) translation of viral RNAs to produce the polyprotein
precursors Gag and GagPol, the viral envelope glycoproteins (Env glycoproteins), and
the regulatory and accessory viral proteins; (d) trafficking of Gag and GagPol precursors
and Env glycoproteins to the plasma membrane; (e) assembly of the Gag and GagPol
polyproteins at the plasma membrane; (f) encapsidation of the viral RNA genome; (g)
incorporation of the viral Env glycoproteins; (h) budding of the new virions from the
infected cell; and (i) particle maturation (43).

HIV-1 infection begins with the adhesion of an infectious virion to its target cell.
This binding is mainly mediated by the HIV-1 envelope (Env) proteins (44). Sometimes,
the initial attachment of the virus to the cell membrane can be relatively non-specific,
mediated by the interaction of Env with the various target cell receptors (e.g., negatively
charged cell-surface heparan sulfate proteoglycans (45) and a4f7 integrin (46, 47), or by
interactions between virion-incorporated host proteins and surface proteins on the target
cell (44). Although non-essential, such non-specific interactions are believed to bring Env
closer to the primary receptor (44), CD4 (48), and to the coreceptor, CXCR4 or CCRS,
depending upon the tropism of the viral Env protein, and on the cell being infected (49).
HIV strains are generally classified based on their coreceptor usage. Viruses utilizing
CCRS5 are termed R5 HIV, those that use CXCR4 are termed X4 HIV, and viruses that

can use both coreceptors are called R5X4 HIV (50). HIV-1 Env comprises two subunits,



gp120 and gp41, arranged in a trimer. The gp120 subunit contains five conserved
domains (C1-C5) and five variable loops (V1-V5) and mediates binding to CD4 (51).
This binding event results in conformational rearrangements in the variable regions of
Env, ultimately facilitating coreceptor interaction (44, 51). Once Env has engaged its
primary and secondary receptors, another conformational change occurs that exposes the
hydrophobic fusion peptide of gp41. This fusion peptide inserts into the host cell
membrane, and tethers the viral and host membranes, leading to fusion (52).

After the fusion of HIV-1 particles with the host cell, the viral capsid cone is
released into the cytoplasm and starts its migration toward the nucleus. During this
journey, the viral RNA is reverse transcribed into double-stranded viral DNA, which then
forms a complex with cellular and viral proteins, termed the preintegration complex
(PIC) (53). The enzyme reverse transcriptase (RT) first synthesizes a negative-sense
DNA strand from the viral RNA template, using virus-incorporated host tRNALys3, as a
primer for DNA extension (54). This is followed by positive sense DNA strand synthesis
to generate a complementary double-stranded DNA molecule (cDNA) encoding the
complete viral genome (55). Contents of PIC complex include the cDNA, the viral
enzymes reverse transcriptase and integrase (IN), the viral capsid (CA) and nucleocapsid
proteins (NC), and other cellular and viral proteins. The PIC enters the nucleus through
interaction with the nuclear pore complex. In the nucleus, the viral enzyme integrase
catalyzes the integration of the viral cDNA into the host genome (56). The integrated
provirus can then serve as a template for the transcription of viral genes by the host RNA

polymerase II (57).



HIV gene expression involves a synergy of complex interactions between
chromatin-associated proviral DNA, cell transcription factors, and the virally encoded Tat
(trans-activator of transcription) protein. Viral transcription is first mediated by direct
interaction between cellular transcription factors and cis-acting elements located in the
viral long terminal repeat (LTR) promoter (58). Following this initial phase of
transcription, viral gene expression becomes highly reliant on the accumulation of
sufficient amounts of Tat from the earlier transcription events (58). The Tat protein
interacts with host transcription factors and the trans-activation response element (TAR),
located at the 5° end of viral mRNAs, to actively upregulate viral gene transcription (59).
Successful transcription of proviral DNA yields multiple viral mRNA species, which are
generated from a single full-length transcript by alternative splicing and contain common
5"and 3' ends. The spliced transcripts include the multiply spliced mRNA encoding early
regulatory proteins such as Tat, negative regulatory factor (Nef) and regulator of
expression of virion proteins (Rev), and the partially spliced mRNA encoding viral
protein P (Vpu), viral infectivity factor (Vif), viral protein R (Vpr) and viral envelope
protein (Env) (60). The un-spliced, full-length mRNA encodes the Gag and Gag-Pol
polyprotein precursors. In eukaryotic cells, intron-containing transcripts are usually
retained in the nucleus until they are completely spliced or degraded. Nuclear export of
un-spliced and partially spliced viral RNAs is mediated by a cis-acting RNA element
called the Rev Responsive Element (RRE) (58, 60). The virus-encoded Rev, which
shuttles between the nucleus and cytoplasm, specifically interacts with RRE to permit

nuclear export of these intron-containing viral transcripts (60).



Once the full-length viral RNA transcript is in the cytoplasm, the Gag and GagPol
polyproteins are synthesized. Gag is produced as a 55kDa precursor protein that forms
the virus particle, and it has its own initiation and termination codons (61). Synthesis of
the 160 kDa Gag-Pol polyprotein precursor- which contains the viral enzymes protease,
reverse transcriptase and integrase, results from a frameshifting event at the Sp2 region of
the Gag coding sequence (62). The Gag precursor is comprises 4 major structural
domains, Matrix (MA), Capsid (CA), Nucleocapsid (NC), and the viral late domain (p6).
Formation of viral particles is achieved by the coordinated process of membrane binding
and multimerization of Gag. The exact mechanism of how Gag is trafficked to the plasma
membrane is still unclear (61). However, it is known that the modification of Gag by
removal of the initiator methionine residue, followed by N-terminal myristoylation,
allows Gag to stably interact with the host cell membrane (63). Gag can specifically
interact with phosphatidylinositol-(4,5) bisphosphate 2 (P14,5P2), a phospholipid highly
abundant in the inner leaflet of the cell membrane, through the highly basic region (HBR)
of the MA domain. This interaction is believed to promote both binding and targeting of
Gag to the plasma membrane (64, 65).

The CA domain of Gag contains two helical domains connected by a flexible
linker: the C-terminal domain (CA-CTD) and the N-terminal domain (CA-NTD) (61).
The CA-CTD contains a dimer interface, which plays a crucial role in Gag
multimerization (61, 66). The NC domain of Gag is primarily responsible for driving
viral RNA packaging. Being a nucleic acid chaperone, NC is also involved in

incorporating the tRNA primer and in reverse transcription (67). NC contains two zinc-



finger domains that interact with a structural motif on the viral RNA called the packaging
signal, or the y-element, located near the 5’ end of the genomic RNA in the 5’
untranslated region (UTR). This interaction directs the encapsidation of viral genomic
RNA into the assembling Gag lattice (67, 68).

The viral envelope glycoprotein (Env) is translated as a precursor protein (gp160),
after which it is extensively glycosylated by host cell machinery in the endoplasmic
reticulum and Golgi. Following these modifications, Env is trafficked through the
secretory pathway to the plasma membrane, where it is incorporated into assembling
virus particles (69). Although the mechanism by which Env is incorporated into virions is
incompletely understood (61), it is believed to depend on specific interactions between
the cytoplasmic tail of Env and certain residues in the MA domain of Gag (70, 71).
Several theories have been suggested for the mechanism of Env incorporation. These
include incorporation by a passive process, by co-targeting of Gag and Env to a common
lipid raft on the plasma membrane, by direct recruitment of Env by Gag, or by indirect
recruitment of Env by Gag via a host cell cross-linking protein (61, 69). Once the
immature Gag lattice assembles at the plasma membrane, the nascent particle must
undergo membrane fission to be released from the infected cell (61). This scission step is
mediated by the cellular endosomal sorting complexes required for transport (ESCRT)
pathway, which is hijacked by HIV-1 Gag (72). The p6 domain of Gag is essential for the
recruitment of ESCRT complexes to facilitate virus budding (61, 73). Host ESCRT
machinery comprises a multi-subunit assembly that catalyzes a membrane bending and

scission reaction in a direction away from the cytoplasm, usually involved in processes
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like the multivesicular body (MVB) pathway, cytokinesis and cell division (74). All these
ESCRT-mediated processes are characterized by budding away from the cytoplasm.
Retroviruses have therefore evolved to strategically exploit the ESCRT machinery for
their egress (73).

For the virion particle to be infectious, the immature Gag polyprotein lattice must
be converted to the mature lattice by the enzyme viral protease, which is packaged into
virions as part of the GagPol precursor (61). Concurrent with viral release, virus
maturation is triggered by protease-mediated cleavage at multiple cut sites within the Gag
and GagPol polyproteins. The HIV-1 protease is a dimeric aspartic protease with an
active site located in a cleft at the dimer juncture (61, 72). This protease enzyme cleaves
each of its target sites with considerably varying efficiencies, setting off a highly
organized, stepwise processing cascade (61, 75). Mutations that alter the processing of
protease cleavage sites within Gag can be detrimental to maturation and particle
infectivity, as they can lead to the formation of aberrant, non-functional cores (75, 76).
Successful maturation causes a change in the virion morphology from a radial
conformation to the typical cone shaped of the HIV-1 core. Once the maturation process
is complete, the virus particle becomes infectious and can start a second round of
infection (61).

Restriction Factors and their Viral Antagonists

Mammalian cells express several host proteins that can inhibit HIV-1 replication
at various stages of its life cycle. These proteins are rereferred to as restriction factors

(77) and often possess commonly shared features. They are germline encoded, expressed
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in different cell types and their expression is often upregulated by interferon, which is a
hallmark of restriction factors. These host factors usually can limit viral replication and
confer a restrictive phenotype when expressed in an otherwise permissive cell. They are
also usually encoded by genes that have undergone positive selection as a result of host
adaptation to viral infection. Many restriction factors are counteracted by viruses through
downmodulation or cellular protein degradation pathways (77, 78). The inhibitory effects
of restriction factors may be a product of a direct interference exerted by these intrinsic
proteins or may result indirectly from a cell-regulatory function (78). Virus-host co-
evolution has caused restriction factors to be less effective against viruses in their natural
hosts but more potent against cross-species transmission (77-79).

To date, several types of restriction factors have been identified that target
different steps in the HIV-1 replication cycle (77-80). The well-characterized restriction
factor apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC3G)
or A3G, a member of the family of cytidine deaminases, restricts a wide range of viruses
including endogenous and pathogenic retroviruses and HBV. A3G inhibits HIV-1 cDNA
synthesis by causing detrimental G-to-A hypermutations in the proviral genome during
reverse transcription (81-84). Other members of the APOBEC3 family have also been
reported to inhibit HIV-1 replication (85, 86). Upon HIV-1 infection, A3G and other
APOBEC family members, such as A3F, are incorporated into budding virions, thus
exerting their antiviral activity in newly infected cells (81-84). The HIV-1 Vif protein has
evolved mechanisms to antagonize the antiviral activity of A3G and other HIV-restricting

APOBEC family members (87, 88). It has been shown that Vif binds to A3G promoting
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the recruitment of the ElonginB/C-Cullin-5 E3 ubiquitin ligase complex leading to A3G
poly-ubiquitination and proteasomal degradation, which ultimately reduces the rate of
A3G incorporation into the newly produced virions (81, 88, 89).

Another well-studied restriction factor is tetherin or bone marrow stromal antigen
2 (BST-2), which strongly anchors budding viral particles on the infected cell’s
membrane, preventing the release of HIV-1 and other enveloped viruses (90, 91). This
function is achieved by tetherin’s unique structure that contains an N-terminal
transmembrane domain and a C-terminal glycosyl-phosphatidylinositol group, which
allows one end of the protein to be attached to the plasma membrane and the other to the
viral envelope. The retained virions are then internalized and degraded via the
endosomal/lysosomal pathway (90-92). Human HIV and non-human primate SIV viruses
have evolved countermeasures for protection against tetherin. The HIV-1 Vpu protein
overcomes human tetherin restriction by promoting poly-ubiquitination of its
transmembrane domain inducing its proteasomal degradation. HIV-1 Vpu also
downregulates tetherin from the cell surface and sequesters it in endosomal
compartments leading to its lysosomal degradation (93-95).

TRIMS5a is another interferon-inducible restriction factor belonging to the family
of tripartite motif (TRIM)-containing proteins. This large family of cellular proteins
participates in various cellular processes, including proliferation, differentiation,
development, apoptosis, oncogenesis, and innate immunity (96-98). Several members of
the TRIM family exhibit anti-retroviral activity, among which TRIM5a is the most

extensively studied. TRIM5a-mediated restriction occurs upon retroviral entry into the
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target cell cytoplasm. The virion core is targeted by TRIMS5a through capsid recognition
(96, 97, 99, 100). This is generally accompanied by a failure to synthesize viral cDNA
(96), although the exact mechanisms by which TRIMS proteins block retroviral infection
have not been completely elucidated. It has been demonstrated that TRIM5a can directly
bind to HIV-1 capsids, and incoming retroviral capsids that encounter TRIMS5a lose their
structural integrity on entry into the cytoplasm (101). These findings suggest that
TRIMS5a, and other members of the TRIM family, accelerate capsid fragmentation soon
after viral entry, thereby disrupting reverse transcription complex (RTC) architecture and
blocking reverse transcription (101-103). The countermeasures that HIV-1 uses to resist
the effects of TRIM proteins are poorly understood, it has been reported, however, that
the accessory protein Vpr can regulate the levels of TRIM11 in the cell, and this
regulation depends on the expression levels of Vpr (104).

SAMHDI (Sterile Alpha Motif and Histidine Aspartate domain-containing
protein 1) is a deoxynucleotide triphosphohydrolase that restricts HIV-1 by interfering
with reverse transcription by reducing the availability of cellular ANTPs (105-107).
Following HIV-1 entry into CD4 T cells and delivery of the HIV-1 capsid into the
cytoplasm, the HIV-1 RNA is reverse transcribed into DNA, a process strongly affected
by the repertoire of ANTPs in the cell. SAMHD1 possesses a dNTPase activity and
controls the pool of cytosolic ANTPs by hydrolyzing all four dNTPs to yield
deoxynucleosides and inorganic triphosphate, thus preventing proviral DNA formation
and subsequent HIV-1 replication (105, 108). Recent reports have suggested that

SAMHDI’s ribonuclease activity contributes to SAMHD1-mediated viral restriction by
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targeting viral RNA for degradation before reverse transcription (109, 110). However, the
relevance of this RNase activity to HIV-1 restriction is still questionable (109, 111, 112).
To counteract the inhibitory effect of SAMHD1, HIV-2 and some simian
immunodeficiency virus strains (SIVsm/SIVmac) encode the accessory protein Vpx (113,
114), which interacts with the C-terminal domain of SAMHDI1 to recruit the Cullin-4 E3
ubiquitin ligase, which targets SAMHDI for poly-ubiquitination and proteasomal
degradation, alleviating SAMHD1-mediated retroviral restriction (108, 113, 115). HIV-1
lacks Vpx and therefore cannot antagonize SAMHD1, which makes the virus susceptible
to its effects (108).

SERINC3 and SERINCS are multi-pass transmembrane proteins belonging to the
serine incorporator (SERINC) gene family. These proteins function to incorporate the
amino acid serine into the lipids of cell membranes (116). SERINC3 and SERINCS
restrict Nef-deficient HIV-1 mutants (117, 118); in the absence of Nef, SERINCS gets
incorporated into assembling virion particles in producer cells and results in reduced viral
infectivity (117-119). Fluorescent microscopy and super-resolution imaging of single
viral particles have revealed that SERINCS5 packaging into viral particles leads to reduced
viral fusion with the target cell membrane (120, 121). The Nef proteins of HIV-1, HIV-2
and SIV have all been shown to counteract the restrictive activity of SERINC3/5 (117,
118). It has been shown that the Nef-mediated antagonism of SERINCS may involve
vesicular trafficking, endolysosomal degradation, and targeting of SERINCS to

endolysosomal vesicular bodies (117, 118, 122-125). The susceptibility of SERINCS to
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downmodulation by Nef was shown to be dependent on the terminal cytoplasmic loops of
SERINCS (126, 127).

Interferon-induced transmembrane proteins (IFITMs) are a family of small
transmembrane proteins that are evolutionarily conserved and are upregulated in response
to interferon viral infection (128). IFITM3, the most extensively studied member of this
family, restricts multiple viruses including HIV-1, influenza virus and flaviviruses (129-
131). Although the mechanism of IFITM3-mediated restriction is not completely
understood, this restriction factor is known to target two distinct stages of the viral life
cycle. When expressed in target cells, IFITM3 has been found to block entry, while its
expression in producer cells reduces virion infectivity (129, 130, 132-135). At the entry
stage, IFITM3 impedes fusion pore formation between the viral and host membranes by
altering membrane lipid components and fluidity. As a result, the viral genome does not
enter the cytosol, preventing virus replication (131, 136-139). If expressed in virus-
producing cells, IFITM3 is incorporated into nascent retroviral particles which
substantially abolishes their infectivity (130, 133, 134, 140). IFITM3 interferes with the
processivity of the HIV-1 Env protein gp160, leading to a reduced amount of mature Env
in viral particles (135, 140, 141). IFITM3 was also observed to affect the incorporation of
the murine leukemia virus (MLV) Env, and its effects were shown to be counteracted by
the glyco-Gag protein of Moloney MLV (135). It is unknown, however, whether any
HIV-1 proteins possess the ability to antagonize IFTIM3.

Myxovirus resistance protein 2 (MX2) belongs to the dynamin superfamily of

guanosine triphosphatases (GTPases) (142). Humans encode two closely related MX
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genes; MX1 and MX2, both having antiviral properties (142). The MX genes are
inducible by type 1 and type 3 interferons (IFNs). MX2 has been identified as an
interferon-induced protein with potent antiviral activity against HIV-1 and other primate
lentiviruses (143-147). While the precise mechanism of MX2-mediated inhibition of
HIV-1 infection has not been fully elucidated, MX2’s anti-viral effect is known to take
place after reverse transcription but preceding nuclear import and integration of viral
DNA in the host chromatin (143-145, 148). It was shown that MX2 expression did not
affect late reverse transcription products but caused a decrease in the levels of HIV-1 2-
LTR circles and integrated proviral DNA (143-146). Moreover, the HIV-1 capsid protein
is an important determinant for MX2-mediated restriction, as demonstrated by capsid
protein mutations, which allow the virus to escape the antiviral effects of MX2 (143, 144,
146, 149). Further, studies have shown that multiple nuclear pore complex components
interact with MX2 to block nuclear import of HIV-1 (147, 150). Whether there are any
viral antagonists to counteract MX2 restriction remains unknown (151).
Membrane-associated RING-CH 8 (MARCHS) is a protein in the RING finger E3
ubiquitin ligase family (152, 153) that downregulates HIV-1 Env glycoproteins from the
cell surface, resulting in reduced incorporation of Env into viral particles (153, 154). This
results in a substantial decrease in virus fusion efficiency (153). A tyrosine motif in the
cytosolic tail of HIV-1 Env was shown to be a determinant for its MARCHS8-mediated
downregulation (153, 154). Besides its anti-HIV activity, MARCHS has recently been
found to have broad-spectrum effects. Other envelope glycoproteins, including those of

the Vesicular Stomatitis Virus (VSV) and Ebolavirus were also shown to be
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downregulated from the cell surface in the presence of MARCHS (153, 155). Although
MARCHS is not inducible by interferon, two members of the MARCH family, MARCH1
and MARCH2, have been reported to inhibit HIV-1 and VSV envelope incorporation,
and their expression was inducible by interferon (156, 157).

Guanylate-binding protein-5 (GBPY) is a small GTPase that responds to induction
by interferon-y (158). It was discovered as a potential HIV-1 restriction factor in an
evolutionary screen of human genes that have undergone positive selection (159). GBP5
was shown to restrict HIV-1 infectivity by interfering with the activity of the cellular
protease furin, leading to defective envelope processing and incorporation (160, 161).
Mutations in the GTPase domain of GBP5 did not affect its ability to restrict HIV-1
(160). Other viruses, including MLV, influenza virus, and measles virus, were also found
to be susceptible to the GBP5-mediated inhibition of furin cleavage (161, 162). There is
currently no evidence of viral antagonisms against GBPS5; however, mutations in the Vpu
initiation codon were suggested to confer resistance to the antiviral action of GBP5 (160,
163).

HIV-1 Rev-Dependent Indicator CD4 T Cell Line (A3R5-Rev-GFP)

Most of the infectivity experiments in the upcoming chapters have been
performed utilizing an HIV-1 Rev-dependent indicator cell line, called A3R5-Rev-GFP
(Fig. 1.1). This cell line, constructed by Wu et al. (164), is a T cell line derived from
A3.01 cells that have been genetically modified to express the green fluorescent protein
(GFP) in response to HIV-1 infection. A3R5-Rev-GFP cells exhibit natural CD4, CXCR4

and a4B7 expression and constitutive expression of CCRS. These cells offer a major
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advantage over the commonly used HIV indicator cells in terms of specificity and
sensitivity (164); the reporter system of A3R5-Rev-GFP cells is considerably different
from the other LTR-based reporter cells, which rely only on the HIV long terminal repeat
(LTR) promoter, to drive reporter expression. The issue with depending solely on the
LTR promoter for driving reporter gene expression lies in the susceptibility of the LTR to
non-HIV stimuli (164). In addition to responding to the early HIV protein, tat, the LTR
also responds to cell culture conditions and a variety of factors including cytokines,
mitogens, HDAC inhibitors, lipopolysaccharide, certain anti-tumor drugs, free viral
proteins, and other unknown factors (164-166). The presence of such non-HIV-dependent
reporter expression greatly diminishes reporter specificity and sensitivity. To solve these
issues, the rev-dependent expression vector was made to contain numerous HIV DNA
sequences, including the Rev-response element and HIV splicing sites efficiently used by
human cells (Fig. 1.1) (164). Additionally, the construct also contains a reading frame
that, in the absence of HIV Rev, becomes eliminated by cellular splicing activity. In the
absence of HIV infection, the transcription of the reporter provirus generates a single
transcript that is rapidly spliced, which removes the GFP- coding reading frame.
However, in the presence of HIV-1 Rev, incompletely spliced and non-spliced transcripts
are delivered to the cytosol through interactions with the Rev responsive element,

resulting in the expression of GFP (164) (Fig.1.1).
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Figure 1.1 Rev-dependent reporter vector and indicator cells.

A) The construct has four segments of the HIV genome and no intact HIV genes. The first segment (the 5’ end of the
vector) contains the HIV 5’ LTR, splice donor site 1 (D1), and a segment of the gag open reading frame that includes
the packaging signal. The second HIV segment is derived from the tatl/rev1 exon that contains splice acceptor site 5
(AS), and splice donor site 4 (D4). The third segment is from the HIV DNA env exon and encompasses the RRE, and
splice acceptor site 7 (A7). The last segment includes the entire 3' LTR and a small portion of the nef reading frame, 5
to the LTR. In the absence of HIV infection, the reporter provirus undergoes basal transcription tielding a single
transcript that is rapidly spliced, resulting in the removal of the GFP reading frame. In the presence of HIV Rev,
partially spliced and non-spliced transcripts are delivered to the cytosol by Rev, and the reporter gene is expressed. B)
A3RS5 cells were infected with a lentiviral vector encoding the Rev-dependent green fluorescent protein (GFP) reporter
construct. A clone was isolated and infection by HIV resulted in generation of GFP. This figure was modified from
(164).
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CHAPTER TWO: PSGL-1 IS A BROAD-SPECTRUM ANTIVIRAL HOST
FACTOR AGAINST ENVELOPED VIRUSES

Abstract

PSGL-1 (P-selectin glycoprotein ligand-1) is a dimeric, mucin-like glycoprotein
with a molecular weight of 120 kDa and functions as a ligand for P-, E-, and L-selectins.
PSGL-1 is predominantly expressed on the surface of myeloid and lymphoid cells and is
up-regulated during inflammation to mediate leukocyte tethering and rolling on the
endothelium's surface for migration into inflamed tissues. Previous work has reported
that PSGL-1 expression restricts HIV-1 infection. However, the mechanism by which
PSGL-1 elicits its anti-HIV activity remained elusive. Here, we demonstrate that PSGL-1
inhibits HIV-1 particle infectivity by preventing virus particle binding to target cells. The
anti-HIV effect of PSGL-1 occurred irrespectively of the viral envelope glycoprotein
expressed on the particle. The adhesion of particles bearing either the HIV-1 envelope
glycoprotein or vesicular stomatitis virus G glycoprotein, or those completely lacking a
viral glycoprotein was impaired by PSGL-1. Mutational mapping revealed that the
extracellular domain of PSGL-1 is required for its anti-HIV-1 activity, while the
cytoplasmic domain contributed, to a lesser extent, to virus inhibition. Furthermore, our
data shows that CD43, a PSGL-1-related monomeric glycoprotein, effectively suppresses

HIV-1 infectivity. Finally, we found that PSGL-1 inhibits the infectivity of other
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enveloped viruses including murine leukemia virus and influenza A virus, demonstrating
that PSGL-1 is a host factor with broad-spectrum antiviral activity.

Introduction to PSGL-1 and its Role in Leukocyte Trafficking

P-selectin glycoprotein ligand-1 (PSGL-1), also known as SELPLG or CD162, is
a 120-Kda transmembrane mucin-like glycoprotein that acts as a ligand for selectin
proteins (1-3). PSGL-1 is constitutively expressed on platelets (4) and most leukocytes
(1, 5, 6). During the inflammatory response, PSGL-1 is upregulated to promote leukocyte
tethering and rolling on activated endothelium for recruitment to inflamed tissues (7-9).
These events involve interactions between PSGL-1 on leukocytes and selectins on the
vascular endothelium (5, 7). PSGL-1 can bind P- E- and L-selectins through interactions
mediated by its N-terminal glycosylated domain, with the highest affinity for P-selectin
(5). PSGL-1’s role in cell recruitment has been widely demonstrated by its requirement
for neutrophil migration into the inflamed peritoneum (10), for recruiting CD8+ T cells
into the inflamed colon (11), and CD4+ T cells into the intestinal lamina propria (12), and
reactive lymph nodes (13), emphasizing PSGL-1’s fundamental role in the inflammatory
response.

The migration of leukocytes from the bloodstream is a highly coordinated process
of adhesive and signaling events that regulate inflammatory responses to infection or
injury (14-16). In the absence of inflammation, leukocytes are continuously moving
passively within the bloodstream (17). Exposure to microbial or inflammatory stimuli
triggers the capture of leukocytes and their extravasation to the inflamed interstitial

tissues (15, 17, 18). Under resting conditions, leukocytes make short-lived, reversible
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contacts with the endothelium in a rolling phenomenon known as steady-state rolling (17,
19). This steady rolling is largely mediated by the interaction of endothelial P-selectins
with their leukocyte glycoprotein counterreceptors, primarily PSGL-1 (19, 20). In an
inflammatory environment, the leukocyte rolling speed significantly slows down (17, 21).
This dramatic decrease in rolling velocity coincides with the expression of E-selectins on
the inflamed endothelium, which presents more binding sites for PSGL-1 to facilitate
leukocyte capture (17, 22, 23). Additionally, a conformational change is triggered in the
leukocyte function associated antigen 1 (LFA-1), leading to further leukocyte—endothelial
cell interactions through binding of LFA-1 to its endothelial ligand ICAM-1 during the
slow rolling state (17, 22, 24-26). The inflamed endothelium also expresses additional
cell surface molecules including membrane-bound chemokines and cytokines that further
enhance leukocyte activation (17, 20, 22, 23). This causes LFA-1, and other integrins on
the leukocyte, to form stronger bonds with endothelial integrin ligands, such ICAM-1 and
VCAM-1 (17, 21-23). This high affinity binding prompts full arrest of the rolling
leukocyte at the endothelial surface. Arrested leukocytes then spread over the
endothelium to strengthen their adhesion, where they begin a crawling motion mediated
by leukocyte-bound Mac-1 and endothelial-expressed ICAM-1. Once they find their
destination, leukocytes infiltrate the endothelial layer to enter the underlying inflamed
tissues (22, 23). In addition to binding to endothelial P-and/or E-selectins, PSGL-1 also
binds L-selectin (on other leukocytes), which amplifies the recruitment of leukocytes to

the vascular wall. Additionally, activated platelets may also collect more leukocytes to
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sites of inflammation via interactions between P-selectin (on platelets) and PSGL-1 on
leukocytes (17, 27, 28).

The PSGL-1 molecule is typically expressed as a homodimer of two monomers
linked via a disulfide bridge. Each subunit of the PSGL-1 dimer constitutes an extended,
heavily glycosylated N-terminal domain, a transmembrane domain, and a cytosolic C-
terminal domain (27, 29, 30). A large part of the PSGL-1 extracellular comprises a
mucin—like domain, which contains 14-16 tandem repeats of 10 amino acids with the
consensus sequence (-A-T/M-E-A-Q-T-T-X-P/L-A/T-). These repeat domains are known
as decameric repeats (DRs). Each repeat also contains numerous O-glycosylated
threonines (30%) and prolines (10%), which function to elongate and strengthen the
protein backbone and separate the N-terminal selectin- binding sites from the cell
membrane (29, 30). The PSGL-1 DRs are necessary for selectin-binding, as their deletion
has been shown to impair PSGL-1 interaction with L- and P-selectins (31). Post-
translational O-glycosylation and sulfation are required for PSGL-1 to bind its selectin
ligands. Optimal binding to all three selectins requires the presence of fucosylated core-2
O-glycans, which contain sialyl Lewis-x (sLex) and/or Lex determinants, attached to Thr-
57 (32). While sulfation of Tyr-46, -48 and -51 is necessary for efficient binding of L-
and P- but not E-selectin to PSGL-1 (32). The transmembrane and intracellular domains
of PSGL-1 are highly conserved among mammalian species (32). In the transmembrane
domain, there is a conserved cysteine residue at the junction of the extracellular and
transmembrane region, C310, which forms the disulfide bond for PSGL-1 dimerization, a

requirement for optimal recognition by P-selectin (33).
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It is uncertain whether the intracellular domain of PSGL-1 has any intrinsic
signaling capabilities. However, the cytoplasmic tail of PSGL-1 has been shown to
interact with scaffolding and signaling molecules and can therefore mediate signal
transduction (34, 35). The binding of leukocyte-expressed PSGL-1 to selectins on
platelets and/or endothelium generates signals that act synergistically with those from
other activators to elicit effector responses (14, 21). Conserved residues in the
intracellular region of PSGL-1 can bind and form complexes with ezrin and moesin,
members of the ezrin/radixin/moesin (ERM) family of actin-adapter proteins. These
complexes link PSGL-1 to the actin cytoskeleton and to molecules that transmit
downstream signaling (32, 36-38). Cells expressing a truncated PSGL-1 intracellular tail,
or which are treated with agents disrupting the actin cytoskeleton have exhibited a
significant loss of their rolling efficiency (39), demonstrating that PSGL-1’s cytoplasmic
domain is required for this function. Moreover, the cytoplasmic domain of PSGL-1 can
also interact with the immunoreceptor tyrosine-based activation motif (ITAM) adapter
proteins DAP12 and FcRg (40). PSGL-1 ligation to P- and E-selectin has been reported
to result in the phosphorylation of the src family kinases (SFKs), spleen tyrosine kinase
(Syk), and phospholipase C (PLC) y2 (40-42). This signaling cascade results in LFA-1
activation and its interaction with ICAM-1, leading to slow rolling in neutrophils.
Specifically, it was shown that following PSGL-1 and E-selectin engagement, the
cytoplasmic domain of PSGL-1 induces signaling through the src-family kinase Fgr and
the ITAM adapters DAP12 and FcRg (40). These events lead to the recruitment of Syk,

whose downstream effects involve the activation of SH2 domain-containing leukocyte
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phosphoprotein of 76 kD (SLP-76), which activates Bruton tyrosine kinase (Btk) (43-45).
Btk then promotes the phosphorylation of Akt, PLC y 2, and the p38 mitogen-activated
protein kinase (p38 MAPK), which finally culminates in LFA-1-dependent slow rolling
of neutrophils on ICAM-1 (26, 42). While the interactions of PSGL-1 with SFKs and
ITAM adaptor proteins signal were shown to cause slow rolling, the interactions of
PSGL-1 with ezrin and moesin were found to promote leukocyte transcriptional changes
that increase cell activation (34, 36). Specifically, PSGL-1 was shown to indirectly
associate with Syk through moesin and ezrin, whose ITAM motif can directly interact
with Syk, eventually inducing SRE-dependent transcriptional activity (46). Moreover,
upon ligation with selectins, PSGL-1 is redistributed to membrane microdomains at the
rear end of migrating leukocytes (37). Several signal transduction molecules including
tyrosine kinases, lipid kinases and members of Rho GTPase family are thought to
regulate the cytoskeletal rearrangements that drive PSGL-1/selectin-dependent leukocyte
polarization (47).

Migration-Independent Roles for PSGL-1 in Immunity and Infection

Various studies have revealed roles for PSGL-1 in modulating immune responses,
and in infectious diseases. PSGL-1 has been found to be involved in regulating of Th1-
mediated immune responses (48). A mouse model of uveoretinitis demonstrated that
during T cell activation, stimulating T cells with the Th1 cytokines INF-y and IL-12 leads
to PSGL-1 expression preferentially in the INF-y-producing T cell population, suggesting
that PSGL-1 could be an INF-y- regulated factor involved in Th1-mediated immune

responses (48). PSGL-1 was also shown to be an immune factor regulating T-cell
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checkpoints (49). In mouse models of tumors and chronic viral infection, PSGL-1
deficient mice were shown to have enhanced T cell survival, viral control and anti-tumor
immunity to melanoma. On the other hand, normal PSGL-1 expression in wild type mice
was found to dampen TCR signals, limit the survival of effector T cells, and promote
immune inhibitory receptor expression, indicating a role for PSGL-1 in regulating viral
control and immunopathology (50). Moreover, PSGL-1 has been identified as a receptor
for Enterovirus 71 (EV71) on leukocytes (51). It was shown that the N-terminus of
PSGL-1 binds specifically to EV71, with five out of eight EV71 strains utilizing PSGL-1
as the primary receptor for infection of Jurkat T cells, while three other EV71 strains did
not use PSGL1, suggesting the presence of alternative receptors for EV71 (52). It was
also demonstrated that O-glycosylation on the amino acid T57 of PSGL-1, which is
critical for PSGL-1-selectin interaction, is unnecessary for PSGL-1 binding to EV71. On
the other hand, the tyrosine sulfation sites in the N-terminal region of PSGL-1 were
shown to be important for PSGL-1 binding to EV71 (53).

In the context of HIV-1 infection, Conner et al. observed that PSGL-1 was up-
regulated on monocytes derived from HIV-infected individuals. Additionally, soluble
CD40 ligand (sCD40L) and glutamate, which are factors reported to be increased with
HIV infection, were shown to induce PSGL-1 transcription in HIV-negative human
monocytes ex vivo (54). These results were validated in an EcoHIV mouse model where
expression of PSGL-1 in monocytes was increased in a CD40L-dependent manner (54).
Further mapping of the signaling cascades induced by CD40L and glutamate revealed

that the MAPK pathway and oxidative stress were critical mediators of PSGL-1 up-
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regulation (54). Studies by Ono et al. have shown that PSGL-1 co-localizes with HIV
Gag in T-cell uropods (55, 56), and at plasma membrane sites where HIV-1 assembles
(56). Gag localization to uropods was shown to require Gag multimerization and
selective association with specific uropod-directed microdomains (UDMs) containing the
adhesion molecules PSGL-1, CD43, and CD44 but not ICAM-1, ICAM-3, or CD59 (56).
The study revealed that Gag reorganizes UDMs via its multimerization activity, and that
the association of Gag with these UDMs depends on the highly basic region (HBR) in the
Gag matrix (MA) domain. The HBR of Gag was determined to be required for Gag-
PSGL-1 co-clustering, and a polybasic domain (PBD) in the PSGL-1 cytoplasmic tail
was found to be an important determinant for this colocalization (55, 56). However, the
biological relevance of PSGL-1 and Gag colocalization during viral assembly has not
been investigated in these previous works. In a proteomic profiling analysis of HIV-1-
infected CD4+ T cells (57), PSGL-1 was identified as a factor that is downregulated
specifically in HIV+ cells. PSGL-1 was also upregulated in response to interferon
induction and inhibited HIV-1 infection early in the post entry stages (57). The study also
demonstrated that PSGL-1 expression in HIV-1-producing cells causes progeny virions to
drastically lose their infectivity (57). However, how PSGL-1 inhibited HIV-1 infectivity
remained elusive.

In this chapter, we investigated the mechanisms by which PSGL-1 restricts HIV-
1. We demonstrated that when expressed in virus producer cells, PSGL-1 is incorporated
into HIV-1 particles and blocks virion infectivity by sterically blocking virus interaction

with target cells. Additionally, mutational analysis of PSGL-1 structural domains was
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used to determine the molecular components required for PSGL-1 to exert its anti-HIV-1
activity. Finally, we also explored the broad-spectrum anti-viral effects of PSGL-1. The
results of this chapter have been published in the Proceedings of the National Academy
of Sciences in April 2020.

Materials and Methods

Cells and cell lines

Peripheral blood buffy coats from HIV-1-negative adults were purchased from the
New York Blood Center or received from the NIH Blood Bank. CD4+ T cells were
isolated by negative selection using the Dynabeads Untouched magnetic separation kit
(Invitrogen) or as previously described (58). CD4+ T cells were cultured in RPMI 1640
plus 10% fetal bovine serum (FBS) and 1x penicillin-streptomycin (Invitrogen). Resting
CD4 T cells were activated by culturing in PHA (2 pg/ml) plus IL-2 (2 ng/mL)
(PepTech). HEK293T cells (ATCC) and HeLaJC.53 cells (kindly provided by Dr. David
Kabat) were maintained in Dulbecco-modified Eagle’s medium (DMEM) (Invitrogen)
containing 10% FBS and 1x penicillin-streptomycin (Invitrogen). To construct PSGL-1-
HeLalJC53 cells, HeLaJC.53 cells were seeded into a 6-well plate and cultured in DMEM
with 10% FBS. Cells were transfected with 2 ug pCMV3-PSGL-1 or pCMV3-Empty
DNA using Jetprime transfection reagent (Polyplus) as recommended by the
manufacturer. Transfected cells were cultured, selected in DMEM containing 10% FBS
and 550 pg/ml of hygromycin B (Invitrogen) to generate stably transfected cells. Stable
transfectants were maintained in DMEM containing 10% FBS and 550 pg/ml of

hygromycin B (Invitrogen) plus 1x penicillin-streptomycin (Invitrogen).
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Plasmids, vectors, transfection, and virion production and purification

The infectious HIV-1 molecular clone pNL4-3, codon-optimized Vpu expression
vector (pcDNA-Vphu), and NL4-3 AVpu infectious molecular clone (pNL-U35) were
obtained from the NIH AIDS Re- agent Program. pCMV3-PSGL-1, pCMV3-CD43, and
pCMV3-empty vectors were obtained from Sinobiological. pRetroPSGL-1-NT,
pRetroPSGL-1-CT, and pRetroPSGL-1 were synthesized and cloned into pMSCVneo
vector by GeneScript. pPSGL-1- 3A, pPSGL-1-6A, pPSGL-1-C310A, pPSGL-1-ACT,
and pPSGL-1(Wt) were kindly provided by Akira Ono (56). pPSGL-1ADR was kindly
provided by Caroline Spertini and Olivier Spertini (31). pPCMV3-CD43 was obtained
from Sinobiological. pSV-y-MLV-env— was obtained from the NIH AIDS Reagent
Program. pNLAWEnv (gp160) and pHCMV-G expressing the HIV-1 Env and the
vesicular stomatitis virus G glycoprotein, respectively, were previously described (59).
The GFP-expressing retroviral vector pRetroQ-AcGFP1-N1 was obtained from Clontech.
The env-defective pNL4-3 derivative pNL4-3/KFS was described previously (60).

The procedure for HIV-1 particle production in HEK293T cells was described
previously (58). For GFP reporter MLV particle assembly, pRetroQ-AcGFP1-N1 (0.5
ug), pSV-y- MLV-env- (0.375 pg), and pHCMV-G (0.125 pg) were cotransfected with
either pPCMV3-PSGL-1 or pCMV3-Empty vector (at indicated dosages) in a 6-well plate.
Virus supernatants were collected 48 hours post-transfection. For transient transfection of
HeLalJC.53 cells, 0.5 million cells were transfected with 2 pg of either pPCMV3-Empty or
pCMV-PSGL-1 using the transfection reagent Jetprime (Polyplus) as recommended by

the manufacturer. Following transfection, cells were cultured for the indicated times until
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analysis. For the p24 release assay in HEK293T cells, cells were co-transfected with 1 pg
of HIV-1 NL4-3 and indicated doses of pCMV3-PSGL-1 or pCMV3-Empty DNA using
Lipofectamine 2000 (Invitrogen). The supernatant was collected 48 hours post-
transfection. To purify virions by ultracentrifugation, supernatants harvested from
transfected HEK293T cells first filtered through a 0.45um filter, then concentrated by
Vivaspin20 concentrator. Concentrated viruses were purified by ultra-speed
centrifugation through a gradient of 6-18% OptiPrep solution (Sigma-Aldrich) (40,000
rpm for 2 hours, SW41Ti rotor from Beckman) followed by a second round of
ultracentrifugation to pellet the virus (20,000 rpm for 1.5 hours, SW41Ti).
Infectivity assays

For flow cytometry-based infectivity assay, virus particles were produced in
HEK293T cells by co-transfection with pNL4-3, pNL4-3AVpu, or pNL4-3ANef with
pCMV3-PSGL- 1, pCMVCDA43, or pPCMV3-Empty, or by co-transfection with pNL4-
3/KFS, pHCMV-G, and pCMV3- PSGL-1 or pCMV3-Empty vector (using the indicated
plasmid inputs) in a 6-well plate with Lipofectamine 2000 (Invitrogen). Viral particles
were also produced in CEM-SS cells by electroporation. Briefly, CEM-SS cells (2
million) were electroporated with pNL4-3 (2 pug) plus 400 ng of pCMV3-PSGL-1 or
pCMV3-Empty using a T cell electroporation kit (Lonza). Viral particles were harvested
at 3 days post electroporation. Rev-A3R5-GFP cells were infected with each of the
indicated viruses (0.2-0.5 million cells/infection). The cells were then washed and
cultured in fresh media. Flow cytometry analysis of GFP expression was performed on

the indicated days. The percentage of GFP+ cells was quantified. For infectivity assays in
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HeLa JC53-PSGL-1 and HeLa-JC53-empty cell lines, the cells were seeded in 6-well
plates at a density of 0.2 x 10%/well 24 hours before infection. Cells were infected with
the indicated p24 equivalents of either WT NL4-3 or NL43AVpu. Viral replication was
quantified by virion p24 released into the medium by p24 ELISA. For MLV (murine
leukemia virus) virion infectivity, MLV-GFP reporter virus was assembled by co-
transfecting HEK293T cells (in 6-well plate) with pSV-¥Y-MLV-env- (0.375 pg),
pRetroQ-AcGFP1-N1 (0.5 pg), pHCMV-G (0.125 pg), and pCMV3-PSGLI1 or an empty
vector at the indicated dosages. An equal amount of DNA was used across all
transfections. Viral supernatants were harvested 48h post transfection and used to infect
HEK?293T cells for 6 hours in the presence of Infectin (Virongy, Manassas, VA). Cells
were washed to remove virus and Infectin and cultured for 48 hours for flowcytometry
analyses.

To determine the effect of PSGL-1 on influenza A virus replication, HEK293T
and MDCK cells were co-cultured at approximately 70 % confluence in 6-well plates and
transfected with either empty vector or pPCMV3-PSGL-1 (both vectors at 1.0 or 3.0 pg),
together with an eight-plasmid influenza A/WSN/33 reverse genetics system (RGS)
(1.0pg of each plasmid). Transfection reaction was prepared with PEI
(polyethyleneimine). Culture supernatants were collected at 16 and 24 h post-transfection
and titrated in MDCK cells to determine end-point titers (TCID50 per ml). For SARS-
CoV2-S-pesudotyped lentivirus infectivity assay, Calu-3 cells (0.5 million cells/infection)
were pre-treated with Infectin II (Virongy) for 1 hour at 37°C and then infected with

equal p24 inocula of SARS-CoV-2 S-pseudotyped luciferase reporter lentiviruses
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produced in the presence of PSGL-1, MUC1, MUC4 or empty vector. Cells were lysed at
72 hours post-infection using Luciferase Assay Lysis Buffer (Promega). Luminescence
was measured by using GloMax® Discover Microplate Reader (Promega).
shRNA knockdown of PSGL-1

Lentiviral vectors carrying shRNAs against PSGL-1 or non- target control (NTC)
(Sigma MISSION shRNA, PSGL-1 TRCN0000436811 or shRNA NTC) were purchased
from Sigma. Virion particles were assembled by cotransfecting HEK293T cells with 0.5
pg of pHCMV-G, 1.5 ng pPCMV-ARS.2, and 2 ug of lentiviral vectors using
Lipofectamine 3000 (Invitrogen). The supernatant was collected at 48 hours post co-
transfection, and then filtered through a 0.45um filter. Virion particles were used to
transduce Jurkat T cells for 6 hours. Cells were then washed twice and cultured in fresh
media for 3 days, and then selected in puromycin (4 pg /ml) for one to two weeks. PSGL-
1 knockdown was confirmed by surface staining with an anti-PSGL-1 antibody (KPL-1)
(BD Pharmingen) followed by staining with Alexa Fluor 488- conjugated goat anti-
mouse secondary antibody (Invitrogen). PSGPL-1 knockdown or NTC control cells (2 x
106) were also transfected with 2 pg of HIV-1(NL4-3) DNA by electroporation using a T
cell electroporation kit (Lonza). Viruses were harvested and used for the infection of
Rev-A3R5-GFP cells (20 ng p24 per infection). Flow cytometry analysis of GFP
expression was performed on the indicated days. Lentiviral vector-mediated ShRNA
knockdown of PSGL-1 in primary CD4 T cells was performed as described previously
(58). Briefly, blood resting CD4 T cells were purified by negative depletion, transiently

stimulated with anti-CD3/CD28 beads (1 -2 beads per cell) for 12 hours, and then
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transduced with the lentiviral vectors carrying shRNAs against PSGL-1 or non-target
control (NTC) (Sigma MISSION shRNA, PSGL-1 TRCN0000436811 or shRNA NTC).
Following transduction, the beads were removed at 12 hours, and cells were cultured for
3 days, and then analyzed from surface PSGL-1 expression. Cells were also subsequently
transfected with HIV-1(NL4-3) DNA by electroporation using a T cell electroporation kit
(Lonza). HIV-1 viral replication was monitored by harvesting cell culture supernatant,
and HIV p24 was detected by an in-house p24 ELISA kit.
Viral attachment assay

Virion particles produced in the presence of PSGL-1, or the empty vector were
incubated with HelaJC.53 cells (prechilled at 4 °C for 1 h) at 4 °C for 2 h. The cells were
then washed extensively (five times) with cold PBS buffer and then lysed with LDS lysis
buffer (Invitrogen) for analysis by Western blot.
Western blots

These antibodies were from the NIH AIDS Reagent Program: anti-HIV-1 p24
monoclonal antibody (183-H12-5C), anti-HIV Env (16H3) antibody, anti-HIV-1 gp41
monoclonal antibody (2F5), anti-HIV-1 gp41 monoclonal antibody (10ES). Cells or virus
pellets were solubilized in lysis buffer containing 50 mM Tris-HCI (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 0.5% Triton X-100, and protease inhibitor cocktail (Roche Life
Science, Basel, Switzerland) or LDS lysis buffer (Invitrogen). Proteins were denatured by
boiling in sample buffer and subjected to SDS-PAGE, transferred to PVDF or
nitrocellulose membrane, and incubated overnight at 4°C with one of these primary

antibodies: anti-PSGL-1 monoclonal antibody (clone KPL-1, BD Pharmingen) (1:1000
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dilution); anti-PSGL-1 TC-2 monoclonal antibody (Abcam) (1:1000 dilution); anti-
PSGL-1 polyclonal antibody (Abcam) (1:1000 dilution); anti-PSGL-1-C terminal
polyclonal antibody (anti-PSGL-1 amino acid 350 to the C-terminus) (Abcam) (1 pug/ml);
anti-GAPDH goat polyclonal antibody (Abcam) (1:1000 dilution); anti-HIV envelope
antibodies (183-H12-5C, 16H3, 2F5), and anti-CD63 polyclonal antibody (System
Biosciences) (1:1000 dilution). Membranes were then incubated with HRP-labeled goat
anti-mouse IgG (KPL) (1:2500 dilution) or anti-rabbit IgG (Cell Signaling) (1:2000
dilution) for 60 min at room temperature. Chemiluminescence signal was detected by
using West Pico or West Femto chemiluminescence reagent (Thermo Fisher Scientific).
Images were captured with a CCD camera (FluorChem 9900 Imaging Systems) (Alpha
Innotech). Protein bands were also quantified using Image lab-Chemidoc (Bio-Rad
Laboratories, France). On occasion, western blot was also performed using infrared
imaging (Odyssey infrared imager, Licor Biosciences) with IR Dye goat anti-mouse or
rabbit 680 or 800 cw labeled antibodies (Licor Biosciences) (1:5000 diluted in blocking
buffer) for 1h at 4°C. The blots were washed three times for 15 minutes and scanned with
Odyssey Infrared Imager (Licor Biosciences).

Viral entry assay (BLAM assay)

The viral entry assay was performed as previously described (61). Briefly, viruses
were generated by cotransfection of HEK293T cells with three plasmids: pNL4-3,
pAdvantage (Promega) and pCMV4-3BlaM-Vpr (kindly provided by Dr. Warner C.
Greene) (at a ratio of 6:1:2). The supernatant was harvested at 48 hours post-transfection,

concentrated, and then used for infection as suggested (61). Flow cytometry was
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performed using a Becton Dickinson LSR II (Becton Dickinson). B-lactamase and CCF2
measurements were performed using a 407-nm violet laser with emission filters of 525/50
nm (green fluorescence) and 440/40 nm (blue fluorescence), respectively. Green and blue
emission spectra were separated using a S05LP dichroic mirror. The UV laser was turned
off during the analysis. Data analysis was performed using FlowJo software (FlowJo).
FACS analysis

For PSGL-1 surface staining, 0.5—1 million cells were stained with anti-PSGL1
antibody (KPL-1) (BD Pharmingen) followed by staining with Alexa Fluor 488-
conjugated goat anti-mouse secondary antibody (Invitrogen). For surface staining of
infected blood resting CD4 T cells, HIV-1 infection was done using 125 ng to 320 ng p24
gag equivalents of NLENG1-ES-IRES GPF reporter virus (64) (pseudotyped with HIV-1
NL4-3 envelope) per million cells. Cells were washed and cultured in 10% FBS RPMI
with IL-7 (2 ng/mL) (64). On the indicated days, cells were harvested and stained at 4°C
for 30 min with AF687 anti-PSGL-1 antibody (KPL-1, BD Pharmingen) and analyzed by
flow cytometry. For surface PSGL-1 staining of Jurkat, CEM-SS, and A3R5.7 cells, 0.5
million cells were stained with FITC-conjugated anti-PSGL-1 antibody (Abcam) and
analyzed by flow cytometry. For HIV-1-infected Jurkat T-cell surface staining, 0.5
million cells were infected with different volumes of HIV-1 NL4-3. At 3 days post-
infection, cells were stained with anti-PSGL-1 antibody [KPL-1] (BD Pharmingen),
followed by staining with Alexa Fluor 488-conjugated goat anti-mouse secondary
antibody (Invitrogen) and flow cytometry analysis. For HEK293T cells, 0.5 million cells

were cotransfected with different dosages (1 pg to 4 pg) of HIV NL4-3 Vpu and 100 ng
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of pCMV3-PSGL-1 or pPCMV3-CD43 using Lipofectamine 2000 (Invitrogen). Cells were
stained at 48 hours post-transfection with anti-PSGL-1 antibody [KPL-1] (BD
Pharmingen), followed by staining with Alexa Fluor 488-conjugated goat anti-mouse
secondary antibody (Invitrogen).
P24 ELISA

HIV-1 p24 released into the cell culture supernatant was detected by an in-house
p24 ELISA kit. Briefly, microtiter plates (Sigma-Aldrich) were coated with anti-HIV-1
p24 monoclonal antibody (183-H12-5C) (NIH AIDS Reagent Program). Samples were
incubated for 2 hours at 370C, followed by washing and incubating with biotinylated
anti-HIV immune globulin (HIVIG) (NIH AIDS Reagent Program) for 1 hour at 370C.
Plates were then washed and incubated with avidin-peroxidase conjugate (R &D
Systems) for 1 hour at 37° C, followed by washing and incubating with
tetramethylbenzidine (TMB) substrate. Plates were kinetically read using an ELx808
automatic microplate reader (Bio-Tek Instruments) at 630 nm.

Results

PSGL-1 is downregulated in HIV-1 infected cells

A recent study by Liu et al. has identified PSGL-1 as a host restriction factor
inducible by interferon-y in activated CD4+ T cells leading to the inhibition of HIV-1
infection (57). We, therefore, sought to study the potential effects of HIV-1 on PSGL-1
expression. First, we measured the basil levels of PSGL-1 in CD4 T cells and
transformed Jurkat T- and CEM-SS T-cells by surface staining. We found that un-

infected resting CD4+ T cells express high levels of PSGL-1 (Fig.2.1A), and their
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activation with IL-2 and PHA led to PSGL-1 downmodulation (Fig. 1A), a finding that
correlates with increased susceptibility of activated CD4+ T cells to HIV-1 infection (62).
Jurkat cells showed lower levels of PSGL-1 expression while CEM-SS cells and the non-
lymphoid cell lines, HeLa and 293T, had no detectable levels of PSGL-1 (Fig. 2.1B-D).
Next, we quantified PSGL-1 expression in HIV-1-infected primary resting CD4 T cells,
which were treated with IL-7 to allow low-level HIV replication (63, 64). As shown in
figure 2.2A, we found that PSGL-1 was downregulated in resting CD4 T cells
exclusively in the HIV+ cell population. We also infected Jurkat T cells with multiple
doses of HIV-1 (Fig. 2.2A), and we observed an HIV-dosage-dependent downmodulation
of PSGL-1 (Fig. 2.2C-D). These results are consistent with other studies showing PSGL-
1 downregulation during HIV infection of transformed T cell lines (57, 65). Thus, the
finding that PSGL-1 is targeted for downmodulation by HIV-1 supports the previous

notion implicating PSGL-1 as an antiviral host protein (57).
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Figure 2.1 PSGL-1 expression in CD4+ T cells, T cell lines, and non-lymphoid cell lines.

A) Peripheral blood resting CD4 T cells were purified by negative selection, activated with PHA+IL-2, or left
unstimulated. Cell surface PSGL-1 expression was analyzed by flow cytometry. B) Jurkat and CEM-SS cells were
similarly stained for surface PSGL-1. C) Un-transfected HEK293T cells and PSGL-1-transfected HEK293T cells were
analyzed by surface staining and flow cytometry. D) PSGL-1-transfected and un-transfected HEK293T cells were also
analyzed by western blot using 3 different commercial antibodies. E) HeLa JC.53 cells were transfected with pCMV3-
PSGL-1 using the indicated concentrations (ng of DNA). PSGL-1 expression was analyzed in transfected and un-
transfected cells by western blot at 48 hours post-transfection with an anti-PSGL-1 polyclonal antibody. For all the
shown western blots, GAPDH expression was analyzed as the loading control.
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Figure 2.2 PSGL-1 is downregulated following HIV-1 infection.

A) Down-regulation of PSGL-1 by HIV-1 in primary CD4 T cells. Primary resting CD4 T cells were infected with
NLENGI-ES-IRES, a GFP reporter virus. Following infection, cells were washed and cultured in complete medium
plus IL-7 (2 ng/mL) to permit low-level viral replication. Surface PSGL-1 expression was analyzed at the indicated
time-points. Shown are percentages of the GFP+ or GFP— cells with low or high PSGL-1 staining in each panel. PSGL-
1 down- regulation was observed only in the HIV-infected (GFP+) cell population. B) As a control, uninfected cells
were similarly cultured in IL-7, and surface PSGL-1 expression was analyzed at the indicated days. Culturing of resting
CD4 T cells in IL-7 did not affect PSGL-1 expression. C-D) Dose-dependent down regulation of PSGL-1 in HIV-1-
infected Jurkat cells. C) Jurkat T cells were infected with different inputs of HIV-1, washed and cultured for 3 days,
and then stained for surface PSGL-1 expression, and analyzed by flow cytometry. Shown are the percentages of cells
with high or low PSGL-1 staining in each panel. D) Cells were similarly infected with different inputs of an HIV-1
reporter virus, HIV-1(GFP), and then stained for surface PSGL-1 expression. Shown are the percentages of the GFP+
or GFP- cells with low or high PSGL-1 staining in each panel.
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Inhibition of HIV-1 infection in a PSGL-1-expressing cell line

Given the observed down-modulation of PSGL-1 by HIV-1 in infected CD4 T
cells (Fig. 2.2), we investigated the role of PSGL-1 in HIV-1 infection. We constructed a
HeLa JC53 cell-line that stably expresses PSGL-1 (HeLa JC53-PSGL-1) (Fig.2.3A) and
infected them with different inocula of HIV-1, ranging from 0.32 ng to 32 ng P24. As a
control, a cell line stably expressing an empty vector (HeLaJC53-Empty) was similarly
infected. Viral replication was measured by quantifying the levels of p24 in the
supernatant of infected cells. Over a 14-day time course, we observed inhibition of HIV-1
replication and spread in the PSGL-1-expressing cells, with all inputs of HIV-1. Previous
studies by Liu et al. have demonstrated that the HIV-1 accessory protein Vpu can
counteract the antiviral activity of PSGL-1 by mediating its intracellular proteasomal
degradation (57). Thus, we also infected the HeLa JC53-PSGL-1 and HeLa JC53-Empty
cell lines with a Vpu-deficient HIV-1 mutant (HIVAVpu), using virus inocula equal to
those applied in the WT infection. Consistent with previous findings, the Vpu-deficient
derivative was more susceptible to PSGL-1 restriction than its WT counterpart, as it

showed a complete lack of ability to establish a spreading infection (Fig. 2.3B).
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Figure 2.3 PSGL-1 inhibits HIV-1 infection and spread.

A) Schematic of the construction of a HeLaJC53 cell line stably expressing PSGL-1. HeLaJC53 cells were transfected
with either a PSGL1-expressing vector (pCMV3-PSGL-1) or an empty vector (pCMV3-Empty). The transfected cells
were cultured under selection by hygromycin B to obtain cells stably expressing PSGL-1 or empty vector. B) HeLa
JC.53-PSGL-1 or HelaJC53-empty vector were infected with the indicated inputs of HIV-1(NL4-3) WT or HIV-
1(AVpu). Viral replication was quantified by p24 release.

PSGL-1 has minimal effects on viral release

A previous study has reported that PSGL-1 blocks reverse transcription in the
early stages of HIV infection and impairs virion infectivity later in the virus life cycle
(57). To determine the step/s in the replication cycle targeted by PSGL-1, we examined
its effects in a single round of HIV-1 infection. We used the HeLaJC53-PSGL-1 and
HeLaJC53-vector cells described above as target cells for infection with an HIV-1 Env-

pseudotyped, single-cycle virus, HIV (gp160) (66) (Fig. 2.4A). The amount of produced
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virus was quantified by the levels of p24 in the supernatant, which showed that PSGL-1

did not inhibit particle release in a single round of infection.
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Figure 2.4 The effects of PSGL-1 on HIV-1 virion release.

A) HeLa JC.53 cells stably expressing PSGL-1 or an empty vector were infected with the single-round vector HIV-1
(gp160) for single-round infection. Viral replication was quantified by p24 release. The black and red bars represent
empty vector and PSGL-1 vector-transfected cells, respectively. B-E) HEK293T cells were co-transfected with
HIV(NL4-3) DNA (1 pg) plus different amounts of PSGL-1 expression vector. B) Viral p24 release was quantified at
48 h. C) Cells were also lysed and analyzed by Western blot for intracellular PSGL-1 and HIV-1 proteins. D)
Extracellular virion p24 was also analyzed by Western blot D), and the relative ratio of extracellular and intracellular
p24 was plotted E). The black and red bars represent empty vector and PSGL-1 vector co-transfected cells,
respectively.
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This result suggests PSGL-1 did not block any steps in the viral replication cycle
up to the release of virion particles. The observed inhibition of HIV-1 in a multi-round
spreading infection (Fig. 2.3B), but not in a single-cycle infection (Fig. 2.4A), indicates
that the inhibitory effect of PSGL-1, seen in our experimental conditions, likely occurred
after the first round of replication.

To further verify that PSGL-1 did not affect viral release, we looked at its impact
on the production of HIV-1 particles from virus-producing cells, a method previously
employed for other anti-HIV host proteins (67-69). We utilized a co-transfection system
in which we co-transfected HEK293T cells with a plasmid containing HIV-1 proviral
DNA (1 pg of NL43) with multiple doses of an expression vector encoding human
PSGL-1 (50 to 400 ng). A plasmid expressing an empty backbone was used as a co-
transfection control. The quantity of virus produced was then analyzed by supernatant
p24 ELISA. We observed some enhancement in particle release at PSGL-1 doses lower
than 100 ng, while the higher doses (200 and 400 ng) had no notable effect (Fig. 2.4B).
However, upon extracellular to intracellular p24 normalization, we found that PSGL-1
did not impact the release of HIV virions at any of the co-transfected doses (Fig. 2.4 C—
E).

PSGL-1 expression in virus-producing cells diminishes progeny virion infectivity

Considering that reducing virion infectivity is a common mechanism of restriction
factors (70), we tested the effect of PSGL-1 on the infectivity of HIV-1 virions, using the
same co-transfection scheme described above. Virus particles were assembled by co-

expressing HIV-1 proviral- and PSGL-1 DNA in virus producer cells (HEK293T). We

54



then quantified the infectivity of the released particles in a Rev-dependent, HIV indicator
CD4 T cell line, Rev-A3R5-GFP, which expresses GFP upon HIV-1 infection. In contrast
to reporter cell lines driven solely by the LTR promoter, this cell line exhibits high
sensitivity and specificity to HIV-1 and is not susceptible to noninfectious HIV stimuli
(71, 72). As shown in Fig. 2.5A, PSGL-1 expression in virus-producer cells drastically
reduced the infectivity of the released virions at the PSGL-1 DNA doses of 50-400 ng
(Fig. 2.5A). The lower doses of PSGL-1 also blocked HIV-1 infectivity in a dosage-
dependent manner, with visible inhibitory effects at DNA inputs as low as 1-5 ng (Fig.

2.5B).
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Figure 2.5 PSGL-1 inactivates HIV-1 infectivity.

A-B) HIV-1 virions were assembled in HEK293T cells by co-transfection with HIV(NL4-3) DNA (1 pg) plus PSGL-1
DNA (0.5 to 400 ng). Virus particles were harvested at 48 h and normalized for p24, and viral infectivity was
quantified by infecting the T cell line-derived Rev-A3R5-GFP indicator cell line. HIV-1 replication was quantified by
GFP expression. Shown are the percentages of GFP+ cells at 2dpi. B) The PSGL-1 dose-dependent inhibition curve
was plotted using results from three independent experiments. C) HEK293T cells (3 x 106) were co-transfected with
12 pg of HIV(NLA4-3) plus 2.4 ng pCMV-PSGL-1 or an empty vector. Viruses were harvested at 48 hours post-
transfection and equal p24 equivalents were used to infect A3R5.7 CD4 T cells for 4 hours. Cells were then washed and
cultured for 5 days. HIV replication was analyzed by p24 release. D) PSGL-1 blocks the infectivity of VSV-G-
pseudotyped HIV-1. Virus particles produced in the presence of PSGL-1 or the empty vector were assayed for
infectivity using Rev-A3R5-GFP indicator cells.

We also monitored HIV-1 infection over the course of 5 days in A3R5.7 CD4 T
cells after infecting them with virus particles assembled in the presence or absence of
PSGL-1 expression. The particles derived from PSGL-1-expressing- producer cells
showed diminished viral infectivity and failed to establish a spreading infection (Fig.
2.5C). The infectivity of VSVG-pseudotyped HIV-1 virions was also significantly

inhibited by PSGL-1 expression in the virus-producer cells (Fig. 2.5D). Collectively,
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these results indicate that PSGL-1 expression in producer cells inactivates progeny virion
infectivity, and that the impairment in infectivity occurs independently of the type of viral
glycoprotein expressed on the virus.

To further validate that PSGL-1 in producer cells leads to the formation of
defective HIV-1 particles, we additionally used a CD4 T cell line, CEM-SS, for viral
production. We assembled virion particles by co-electroporating HIV-1- and PSGL-1
DNA into CEM-SS cells. Consistent with the results observed with virions produced in
HEK209T cells, we found that the presence of PSGL-1 in CEM-SS cells also abolished

HIV-1 progeny virion infectivity (Fig. 2.6).
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Figure 2.6 PSGL-1 inactivates the infectivity of HIV-1 virions produced from CEM-SS cells.
A) CEM-SS cells were electroporated with HIV-1(NL4-3) DNA plus PSGL-1 DNA or an empty vector. PSGL-1
surface expression was quantified at 3 days post-electroporation. B) To quantify HIV infectivity, virions were
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harvested at 3 days post-electroporation, and used to infect Rev-A3RS5- GFP cells, using an equal amount of p24 for
infection. GFP expression was quantified at 3 days post-infection.

We next asked whether endogenous PSGL-1 levels could affect viral replication.
To answer this question, we performed an shRNA knockdown of PSGL-1 in Jurkat T
cells, which express inherently low levels of PSGL-1 (Fig. 2.1B). Jurkat cells were
infected with a lentiviral vector encoding an shRNA targeting PSGL-1, followed by
verification of PSGL-1 downmodulation by cell surface staining (Fig. 2.7A). The
knockdown cells were then grown in selection media to obtain a stable pool of Jurkat
cells with reduced PSGL-1 expression (shRNA PSGL-1) (Fig. 2.7A). To examine the
effects of PSGL-1 knockdown on progeny virion infectivity, both the PSGL-1
knockdown cells and shRNA non-targeting control cells (shRNA NTC) were used for
virion production. These cells were transfected with HIV-1 DNA by nucleofection to
assemble virus particles. Viral replication in the ShRNA PSGL-1 cells was assessed by
quantifying p24 in the supernatant. Upon measuring extracellular p24 levels at days 3 and
4 post-transfection, we found a four-fold increase in HIV-1 replication when PSGL-1 was
knocked down. (Fig. 2.7B). We speculated this increase resulted from enhanced virion
infectivity. When we used p24-normalized particles derived from either shRNA PSGL-1
or shRNA NTC to infect the Rev-A3R5-GFP indicator cells, we observed higher
infectivity for particles released from the PSGL-1 knockdown cells (Fig. 2.7C). These
results corroborate our data from the PSGL-1 co-expression experiments in HEK293T
cells (Fig. 2.5), demonstrating that the presence of PSGL-1 in virus-producing cells, even

at low levels like those found naturally in Jurkat cells, can reduce virion infectivity.
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Figure 2.7 PSGL-1 depletion from Jurkat cells leads to enhanced HIV-1 replication and infectivity.

A) Jurkat cells were transduced with a lentiviral vector expressing shRNA against PSGL-1 (shRNA PSGL-1) or a non-
target sequence (ShRNA NTC). PSGL-1 surface expression was quantified at 12 days following transduction and
puromycin selection. B) Cells were also electroporated with HIV-1(NL4-3) DNA, and viral replication in knockdown
Jurkat cells was quantified by measuring p24 in the supernatant at the indicated days. C) To quantify HIV infectivity,
virions were harvested at 48 h post-electroporation and used to infect Rev-A3R5-GFP cells, using an equal amount of

p24 for infection.

Additionally, we confirmed these findings by examining the effect of PSGL-1

depletion in CD4 T cells. We used the same PSGL-1 shRNA-expressing lentiviral vector

described above to knock down PSGL-1 in preactivated primary CD4 T cells, and we
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observed a notable enhancement in HIV-1 replication in the shRNA PSGL-1 CD4 T cells

(Fig. 2.8).
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Figure 2.8 shRNA knockdown of PSGL-1 in primary CD4 T cells enhances HIV-1 replication.

A) Blood resting CD4 T cells were purified by negative depletion, activated with anti-CD3 and CD28 magnetic beads,
and then transduced with a lentiviral vector expressing shRNA against PSGL-1 (shRNA PSGL-1) or a non-target
sequence (sShRNA NTC). PSGL-1 surface expression was quantified at day 3 post-transduction. B) Cells were also
electroporated with HIV-1(NL4-3) DNA, and viral replication in the PSGL-1 knockdown or the control NTC CD4 T
cells was quantified by measuring p24 in the supernatant.

PSGL-1 is incorporated into HIV-1 particles and inhibits virion attachment and
entry

PSGL-1 has been found to co-localize with HIV-1 Gag at sites of particle
assembly in uropod microdomains following Gag multimerization (55, 56). However, the
biological role of PSGL-1/Gag co-localization during HIV virion assembly remains
unclear. Given the reported colocalization of Gag and PSGL-1 in virus-producing cells,
we asked whether PSGL-1 is incorporated into HIV-1 particles. We co-transfected
HIV(NL4-3) DNA with the PSGL-1 expression vector, purified the virion particles by

two rounds of ultracentrifugation through an OptiPrep gradient, and analyzed the virion
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content by western blot. As shown in Figure 2.9, we detected PSGL-1 in virions. We also
verified that the virus-containing gradient fractions were not contaminated with

extracellular vesicles containing PSGL-1 (Fig. 2.9B).
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Figure 2.9 Virion incorporation of PSGL-1.

A) to C) HEK293T cells were transfected with HIV-1(NL4-3) (1 ng , HIV only), or transfected with PSGL-1 (200 ng,
PSGL-1 only), or co-transfected with 1 ug HIV-1(NL4-3) plus 200 ng of PSGL-1 DNA (HIV + PSGL-1). Supernatants
were harvested at 48 hours, filtered, concentrated, and purified by ultra-speed centrifugation through a 6%-18%
OptiPrep gradient. PSGL-1 and viral p24 proteins in each fraction were analyzed by western blot using antibodies
against PSGL-1 (polyclonal) or HIV-1 p24 (anti-p24). For comparison, an anti-CD63 antibody was used to identify the
fractions also containing exosomes.
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To test if PSGL-1 incorporation into virus particles inhibits virus entry, we
performed a previously described Vpr-BLAM viral entry assay (61), using the HIV-1
entry inhibitor AMD3100 as a positive control for entry inhibition. As shown in figure
2.10A, PSGL-1-imprinted virus particles exhibited a marked reduction in their ability to

enter target cells (Fig. 2.10A).
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Figure 2.10 PSGL-1 blocks virion attachment and entry to target cells.

A) Virions produced from HEK293T cells co-transfected with PSGL-1 expression vector (or empty vector) plus HIV-
1(NL4- 3) were used for an entry assay at equal p24 inputs of each virus. The entry inhibitor AMD3100 was used as a
control to block virus entry. The percentages of cells with cleaved CCF2 are shown. B) WT or VSVG-pseudotyped
HIV-1 virions produced in the presence of a PSGL-1, or an empty vector were assayed for attachment to target HeLa
JC.53 cells at 4 °C for 2 h. Cells were washed and then analyzed by Western blot for bound p24. C) PSGL-1 blocks
Env (—) HIV-1 particle attachment to target cells. WT HIV-1 or Env () HIV-1 [(NL4-3)/KFS] virions were produced
in the presence of PSGL-1 or the empty vector, and viral particles were assayed for attachment to target HeLa JC.53
cells.

Next, we investigated whether the inhibition of viral entry resulted from a defect

in virus binding to target cells. We performed a virion attachment assay using HeLaJC53,
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a cell line that expresses both CD4 and the co-receptor CXCRA4, as the target cell. PSGL-
I-imprinted NL43 virions were incubated with HeLaJC53 at 4 °C, to allow for virus
binding only without permitting entry. The cells were then extensively washed, lysed and
assayed for cell-bound p24. Western blot analysis of the lysates showed that virions from
PSGL-1—-expressing cells were severely impaired in their ability to attach to target cells
(Fig. 2.10C). Considering that PSGL-1 expression in virus-producing cells also inhibited
the infectivity of HIV-1 particles pseudotyped with the VSV-G protein (Fig. 2.5D), we
examined the effect of PSGL-1 on the incorporation of HIV-1 Env and VSV-G into
virion particles. While the presence of PSGL-1 in virus-producer cells reduced the levels
of HIV-1 Env on virions, the levels of the VSV-G on virions were not affected (Fig.
2.11B). Interestingly, even though virion incorporation of VSV-G was not affected by
PSGL-1, we found that VSV-G-pseudotyped HIV-1 particles also became defective in

binding to target cells when produced in the presence of PSGL-1 (Fig. 2.10B).
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Figure 3.11 PSGL-1 disrupts HIV-1 Env but not VSV-G incorporation into virions.

A) HEK293T cells were co-transfected with HIV-1 in the presence of PSGL-1 or an empty vector. B) Cells were also
co-transfected with pNL4-3/KFS plus pCMV-VSV-G in the presence of PSGL-1 or an empty vector. The produced
virus particles were analyzed by western blot using antibodies against PSGL-1 (polyclonal), HIV proteins (anti-HIV
serum), HIV-1 Env proteins (2F5 and 10ES), or VSV- G.

We also asked whether the PSGL-1-mediated inhibition of viral attachment
depended on specific viral glycoprotein-receptor interactions. It is known that HIV-1
particles can form short-lived, non-specific interactions with the target cell membrane in
the absence of Env-receptor engagement (73-75). To that end, we assembled HIV-1
particles lacking any viral envelope glycoproteins on their surface; the Env-deficient
pNL4-3 (KFS) molecular clone (60) was co-transfected into HEK293T cells with either a
PSGL-1-encoding- or an empty control vector. The harvested viral particles were then
normalized for p24 and used to for the attachment assay as described above (Fig. 2.10B,
C). Strikingly, we observed that the Env-deficient HIV-1 particles from PSGL-1-
expressing producer cells were also impaired in their ability to attach to target cells.
Together, these observations demonstrate that PSGL-1 inhibits virion attachment to cells

independently of receptor usage.
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The extracellular N-terminal domain of PSGL-1 is required for inhibiting HIV-1
infectivity

The PSGL-1 molecule constitutes a large, heavily glycosylated extracellular (N-
terminal) domain (29). The N-terminal portion of PSGL-1 assumes an elongated semi-
rigid, rod-like structure that extends far beyond the membrane glycocalyx (76). A study
by Umeki et al. reported that PSGL-1 overexpression in HEK293T cells, as well as in
other adherent cell types, caused the cells to adopt a rounded, detached, and floating
phenotype (77). Mutational analysis revealed that the N-terminus of PSGL-1 was
required for this detached morphology. The authors suggested that the rigid and extended
nature of PSGL-1’s extracellular domain was conferring these anti-adhesive properties
(77). Moreover, as shown in our attachment assays, the PSGL-1-imprinted virions could
not bind target cells, even in the absence of Env-receptor interaction (Fig. 2.10C). Thus,
we postulated that the inhibition of virus attachment may be due to a steric hindrance
effect resulting from the presence of PSGL-1 on the virus particle (Fig. 2.12A). To test
this theory, we constructed PSGL-1 deletion mutants, PSGL-1 CT, and PSGL-1 NT, in
which the entire extracellular N-terminal domain or most of the intracellular C-terminal

domain were deleted, respectively (Fig. 2.12B).
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Figure 2.12 The extracellular N-terminal domain of PSGL-1 is required for its anti-HIV-1 infectivity.

A) Proposed model of incorporation of PSGL-1 into virion particles. Based on this model, incorporation of the heavily
glycosylated and elongated PSGL-1 on viral particles may interfere with virion binding to target cells. B) Schematic of
the tested PSGL-1 domains. HEK293T cells were co-transfected with HIV(NL4-3) DNA (1 pg) plus vectors expressing
PSGL-1 or PSGL-1 truncation mutants PSGL-1-NT or PSGL-1-CT (500 ng). Virions were harvested at 48 h post-
transfection and normalized for p24. Viral infectivity was quantified by infecting Rev-A3R5-GFP indicator cells. HIV-
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1 replication was quantified by GFP expression. C) PSGL-1 intracellular domain mutants PSGL-1-ACT, PSGL-1-3A,
and PSGL-1-6A and the dimerization mutant PSGL-1-C310A were similarly tested. EC, extracellular domain; TM,
transmembrane domain; CT, cytoplasmic tail. (D) The PSGL-1-ACT mutant displays reduced antiviral activity relative
to WT PSGL-1. HEK293T cells were cotransfected with HIV(NL4-3) DNA (1 pg) plus various amounts of PSGL-1 or
PSGL-1-ACT (0.5 to 500 ng). Virions were harvested at 48 h and normalized for p24, and their infectivity was
measured in Rev-A3R5-GFP indicator cells.

Next, we assembled virus particles by co-transfecting HIV-1 (NL43) DNA along
with vectors expressing either full-length WT PSGL-1 (pRetroPSGL-1), PSGL-1 CT
(pRetroPSGL- 1 CT), or PSGL-1 NT (pRetroPSGL-1NT). Following transfection, the
expression of the mutants and their incorporation into virions were verified by surface
staining and Western blot (Figs. 2.13 and 12.4). The infectivity of the virions assembled
in the presence or absence of each mutant was then quantified by infecting Rev-A3R5-
GFP cells. Flow cytometric analysis of the infected cells revealed that deleting most of
the intracellular (C-terminal) domain did not affect the ability of PSGL-1 to restrict HIV-
1. On the other hand, removal of the extracellular N-terminal domain markedly abrogated
the restrictive phenotype. These findings show that the anti-HIV activity of PSGL-1 is
largely dependent on its N- terminal domain.

In the study by Grover et al. (56), the authors tested a panel of PSGL-1 mutants to
identify structural requirements for PSGL-1 and Gag co-clustering (56). They reported
that complete deletion of the PSGL-1 cytoplasmic domain reduces PSGL-1/Gag co-
clustering and virion incorporation of PSGL-1. Specifically, the authors found that a
stretch of basic amino acid residues within the PSGL-1 cytoplasmic tail, termed the
polybasic domain (PBD), to be an important determinant for PSGL-1 and Gag co-

localization (56).
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Figure 2.13 Validation of expression of the PSGL-1 mutants.
A) Detection of PSGL-1-CT in transfected cells. HEK293T cells were transfected with 500ng of WT PSGL-1, PSGL-

I-NT, or PSGL-1-CT. Cell lysates were harvested at 48 hours and analyzed by western blot using an antibody against
the C-terminus of PSGL-1. B-C) HEK293T cells were transfected with PSGL-1 DNA (500 ng) or each of the indicated
PSGL-1 mutant DNA (500 ng). Expression of PSGL-1 was quantified by surface staining with an anti-PSGL-1
antibody (KPL-1 clone) at 48 hours.
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Figure 2.14 Incorporation of PSGL-1 mutants into virion particles.

A) HEK293T cells were co-transfected with HIV-1 DNA (1 pg) plus PSGL-1 DNA or each of the PSGL-1 mutant
DNAs (250 ng of WT PSGL-1, PSGL-1-3A, PSGL-1-6A and PSGL-1- C310A mutants or 500 ng of PSGL-1-ACT. B)
HEK293T cells were co-transfected with 500ng of WT pRetroPSGL-1, PSGL-1-NT, or empty vector. For A) and B),
Expression of PSGL-1 or PSGL-1 mutants in co-transfected cells was detected by western blot. Viral particles were

harvested from transfected cells, and virion incorporation of PSGL-1 was detected by western blotting using the anti-
PSGL-1 antibody KPL-1.

To further validate our findings, we ran additional infectivity tests using the panel
of PSGL-1 mutants constructed by Grover et al. (Figs. 2.12C, 2.13 and 2.14). In the

PSGL-1-ACT mutant, the entire cytoplasmic tail is removed, while in PSGL-1-3A and
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PSGL-1-6A, there are several amino acid substitutions in the cytoplasmic tail. PSGL-1-
3A has the three juxtamembrane basic residues of the PDB changed to alanine, and
PSGL-1-6A has the six acidic residues near the C terminus replaced by alanine (Fig.
2.12C). PSGL-1-C310A, which has an alanine in place of cysteine 310, abolishes PSGL-
1 dimerization (78). Considering that mutations of the cytoplasmic tail may decrease
virion incorporation of PSGL-1 (56), we used a high concentration of PSGL-1 mutant
DNA (500 ng) for co-transfection with HIV-1 DNA (1 pg). This was done to ensure that
even with reduced incorporation of C-terminal PSGL-1 mutants into particles, there
would still be enough to confer an inhibitory phenotype. Using this high PSGL-1 mutant
dose, we observed that all the C-terminal PSGL-1 mutants, and the dimerization mutant
C310A, sustained the ability to restrict HIV-1 (Fig. 2.12C). These results further confirm
that the anti-HIV-1 activity of PSGL-1 can be primarily attributed to its N-terminal
domain, that a single subunit of the PSGL-1 dimer is sufficient to restrict HIV-1, and that
the C-terminal domain is not required for HIV-1 inhibition. Nevertheless, given that the
PSGL-1 C-terminus was shown to contribute to PSGL-1 incorporation into virions (56),
we performed a side-by-side dose dependent comparison of the effects of WT PSGL-1
and PSGL-1- ACT on virion infectivity. We found that at lower doses, PSGL-1ACT was
less potent than WT PSGL-1 at restricting HIV-1 infectivity (Fig. 2.12D), indicating that
even though the C-terminus is unnecessary, it can still affect the anti-HIV activity of
PSGL-1, likely by facilitating co-clustering with Gag, which in turn promotes packaging

into virions.

70



A major portion of the PSGL-1 N-terminus consists of 14 to16 decameric (10
amino acid) repeats (DRs) (Fig. 2.15A), containing multiple O-glycosylated threonines
and prolines (31, 32). These DRs are essential for adding length and durability to the
PSGL-1 molecule; they allow extension of the N-terminal selectin-binding sites for
effective leukocyte interaction with the activated endothelium (31). Therefore, to further
confirm that the extracellular domain is important for PSGL-1’s antiviral activity, we
tested another N- terminal deletion mutant, PSGL-1ADR, described by Baisse et al. (32),
in which the decameric repeats of PSGL-1 were deleted from the N-terminal domain. As
suspected, removal of the DRs also abolished PSGL-1's ability to inactivate HIV-1

infectivity (Fig. 2.15B).
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Figure 2.15 The extracellular N-terminal DR domain of PSGL-1 is required for its anti- HIV-1 infectivity.
A) Schematic of the structures of WT PSGL-1 and PSGL-1ADR. B) HEK293T cells were co-transfected with
HIV(NLA4-3) DNA (1 pg) plus vectors expressing PSGL-1 or PSGL-1 decameric repeat (DR) truncation mutant PSGL-
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1ADR (400 ng). An empty vector was used as the co-transfection control (+Vector). Virions were harvested at 48 hours
post-transfection and normalized for p24, and viral infectivity was quantified by infecting Rev-A3R5-GFP indicator
cells. HIV-1 replication was quantified by GFP expression.

PSGL-1’s antiviral effect extends beyond HIV-1

PSGL-1 maintained its anti-HIV-1 activity even after complete removal of its
intracellular domain, which was reported to be necessary for PSGL-1 co-localization with
HIV-1 Gag at particle assembly sites (56). This observation suggests that PSGL-1 can
block HIV-1 infectivity without directly interacting with Gag or other HIV-1 proteins
intracellularly. PSGL-1 also inhibited viral attachment to target cells independently of the
molecules mediating virus-cell adhesion (Fig. 2.10C). Given that the length of PSGL-1’s
extracellular domain (50nm) is considerably longer than the combined lengths of the
extracellular domains of HIV-1 Env and CD4 (76, 79, 80) (the receptor for Env), the
mere presence of PSGL-1 on the virion surface may interfere with particle binding to
target cells (Fig. 2.12A). Therefore, it is reasonable to speculate that PSGL-1 may
possess broad-spectrum antiviral activity against enveloped viruses. To test this
possibility, we assembled a VSV-G—pseudotyped murine leukemia virus (MLV) in the
presence of PSGL-1 and found that PSGL-1 also had a diminishing effect on MLV
infectivity (Fig. 2.16A). We also tested the impact of PSGL-1 on the infectivity of a
nonretroviral enveloped virus, the influenza A virus (Fig. 2.16B). A co-culture of
HEK293T-MDCK cells was co-transfected with eight vectors encoding the segments of
the influenza A/WSN/33 (HIN1) plus PSGL-1 DNA. Virus particles were harvested at

16 and 24 h post-transfection, and virion infectivity was quantified by the TCIDS50 assay
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in MDCK cells. As seen in figure 16, a PSGL-1 dose of 1 ug caused a 100-fold reduction
in the infectious titer at 16 hours, while a PSGL-1 dose of 3 pg reduced the viral titer by

>8,000-fold.
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Figure 2.16 PSGL-1 possesses broad-spectrum antiviral activity.

A) PSGL-1 restricts MLV and influenza A virus infectivity. HEK293T cells were cotransfected with an MLV helper
vector, pSV-y-MLV-env—, pRetroQ-AcGFP-N1, pHCMV-G, plus a PSGL-1 expression vector or an empty control
vector. MLV virions were harvested, and viral infectivity was quantified by infecting HEK293T cells and measuring
GFP expression. B) Eight vectors expressing each of the segments of the influenza A/WSN/33 (HIN1) genome were
cotransfected with a PSGL-1 expression vector into HEK293T-MDCK cells. Viral particles were harvested at 16 and
24 h after co-transfection and titrated in MDCK cells to determine end-point titers (TCID50 per ml). C) SARS- CoV2-
S-pseudotyped lentiviral particles were produced by HEK293T co-transfection in 10-cm dishes with pLTR-Tat-IRES-
Luc (10 pg), pPCMVARS.2 (7 pg), SARS-CoV-2 S (1 pg) and pCMV3-PSGL-1, or pPCMV3-Empty DNA (2 pg).
Supernatants were harvested at 48 and 72 hours and pooled for concentration through a 10% sucrose gradient. Calu-3
cells (0.5 million) were infected with equal p24 inocula of SARS-CoV-2 S-pseudotyped luciferase reporter lentiviruses.
At 72 hpi, cells were lysed and luminescence was measured by using GloMax® Discover Microplate Reader
(Promega).
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We next examined the effect of PSGL-1 on SARS-CoV-2-S-pseudotyped
lentiviral particles expressing a luciferase reporter (Fig. 2.16C). Lentiviral pseudo-virions
were assembled in HEK293T in the presence of PSGL-1 or empty vector and then used
to infect Calu3 cells with equal p24 inputs. We found that the expression of PSGL-1 in
producer cells reduced the infectivity of the SARS-CoV-2-S-pseudotyped particles (Fig.
2.16C), further confirming that PSGL-1’s anti-viral activity is not specific to a particular
viral envelope glycoprotein. These results demonstrate that PSGL-1 is a broad-spectrum
antiviral host factor.

CD43, a PSGL-1-related selectin ligand, also inhibits HIV-1 infectivity

As mentioned above, PSGL-1 expression in virus-producing cells diminishes
HIV-1 progeny virion infectivity by blocking virus attachment to target cells. This defect
in attachment was not reliant on specific interactions between PSGL-1 and HIV-1
proteins (Fig.2.10). Even in its monomeric form, PSGL-1 still effectively inactivated
HIV-1 infectivity, as demonstrated by the PSGL-1 C310A mutant, which abolishes
PSGL-1 dimerization (Fig. 2.12C). It is therefore possible that other molecules bearing an
extracellular structure like that of PSGL-1 may also inhibit HIV-1 infectivity. CD43, or
leukosialin, is a monomeric sialomucin, which also serves as an E-selectin ligand (81,
82). Like PSGL-1, CDA43 is a “bulky”, heavily glycosylated mucin-like protein (83),
which protrudes 45 nm from the cell membrane (84). CD43 is expressed in Th1 T cells
(81) and functions synergistically with PSGL-1 during E-selectin—mediated T cell rolling
(85). To examine the effect of CD43 on HIV-1 infectivity, we assembled HIV-1 particles

in the presence of CD43 expression by co-transfecting HEK293T cells with HIV(NL4-3)
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proviral DNA (1 pg) plus varying inputs (0.5 to 400 ng) of CD43 DNA (Fig. 2.17). The

infectivity of the released virions was evaluated by infecting Rev-A3R5- GFP cells.
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Figure 2.17 CDA43 inhibits HIV-1 virions infectivity and impairs virion attachment to target cells.

A) HEK293T cells were cotransfected with various amounts of CD43 DNA (0.5 — 400 ng) plus 1 pg HIV(NL4-3)
DNA. Virions were harvested at 48 hours and normalized for p24. Viral infectivity was quantified by infecting Rev-
A3R5-GFP indicator cells. HIV-1 replication was quantified by GFP expression. Shown are the percentages of GFP+
cells at 48 hours post-infection. B) The CD43 dose-dependent inhibition curve was plotted. C) WT or Env-deficient
HIV-1 virions produced in the presence of CD43, or empty vector were assayed for attachment to target HeLa JC.53
cells at 4 °C for 2 h. Cells were washed and then analyzed by Western blot for bound p24. GAPDH was used as a
loading control for the cell lysates.
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As shown in Figure 2.17A, the presence of CD43 in virus-producing cells led to a
dosage-dependent reduction in HIV-1 infectivity. Doses greater than 50 ng of CD43
almost completely blocked progeny virion infectivity, while lower doses (0.5-10 ng)
caused partial inhibition (Fig. 2.17A). Next, we tested whether virus attachment to target
cells was also susceptible to inhibition by CD43. HIV-1 particles were assembled in the
presence of CD43 and used to perform a viral attachment assay, utilizing the same
method described above. We found that, just like PSGL-1, CD43 also inhibited virion
binding to target cells in an Env-independent manner (Fig. 2.17C). These results suggest
that molecules sharing structural properties with PSGL-1, namely having a heavily
glycosylated and highly extended extracellular domain, may be detrimental to viruses if
they were incorporated and displayed on the virion surface. Moreover, we asked whether,
like PSGL-1, CD43 was antagonized by the HIV-1 accessory proteins, Vpu. Accordingly,
we co-transfected HEK293T cells with 100 ng of CD43 DNA and different doses of a
Vpu-expressing vector. Indeed, we observed downmodulation of CD43 when co-
expressed with Vpu in HEK293T cells (Fig. 2.18), although the mechanism by which

Vpu downregulates CD43 remains unknown.
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Figure 2.18 Downregulation of CD43 from the cell surface by HIV-1 Vpu.

HEK293T cells were co-transfected with CD43 (100 ng) and a Vpu expression vector (4 pg). Surface CD43 expression
was quantified and shown as the percentage of cells expressing CD43. For controls, an empty vector was used
(+vector). The same amount of DNA was used in the transfections.

Discussion
PSGL-1 is a mucin-like glycoprotein protein densely expressed on the surface of
blood-derived CD4+ T cells and has recently been identified as an interferon-induced
antiviral restriction factor. In this manuscript, we demonstrate that PSGL-1 restricts the
infectivity of HIV-1 virions mainly by interfering with virus particle binding to target

cells. Unlike the restriction mechanism mediated by the well-characterized tetherin,
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which retains newly assembled particles at the plasma membrane (86, 87), our studies
have shown that PSGL-1 does not inhibit viral release. In our dose response inhibition
analysis, PSGL-1 exhibited significant potency, as there was complete abolishment of
WT HIV-1 infectivity at a vector: proviral DNA ratio of approximately 0.05:1 (Fig.
2.5B).

Interestingly, HIV-1 particles expressing the VSV-G envelope glycoprotein were
also susceptible to the PSGL-1-mediated restriction of particle infectivity (Fig.2.5D). We
found that PSGL-1 is incorporated into progeny HIV-1 virions (Fig. 2.9), and while this
led to a decrease in HIV-1 Env incorporation (Fig2.11A, it did not affect VSV-G
incorporation (Fig.2.11B). During the initial interactions between HIV-1 and the cell
surface, it has been reported that particles can form non-specific interactions, in the
absence of HIV Env-receptor engagement, with binding factors on the target cell such as
integrins and other surface molecules (75). Our attachment assay demonstrated that even
when HIV-1 particles are stripped of their envelope glycoproteins, Env-deficient virions
also become impaired in their ability to bind target cells if they were produced in PSGL-
1-expressing cells (Fig.2.10).

Deletion of the extracellular domain of PSGL-1 rendered the molecule incapable
of eliciting its inhibitory against HIV-1 (Fig. 2.12B). PSGL-1 is a bulky, relatively rigid
molecule (76, 88); its heavily glycosylated, highly extended extracellular domain projects
nearly 60 nm from the cell membrane (76, 89). Therefore, we hypothesize that besides
inhibiting HIV-1 Env incorporation, the presence of PSGL-1 on the virion surface

physically hinders the attachment of virions to target cells; the structural characteristics of
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PSGL-1 may act as an obstructive barrier between the viral surface and the host cell
membrane (Fig. 2.12A).

The physiological relevance of PSGL-1 in HIV-1 infection was demonstrated by
our PSGL-1 knockdown experiments. Knocking down PSGL-1 from Jurkat cells, which
inherently express low levels of the protein, caused a noticeable increase in HIV-1
replication (Fig.2.7B). When the PSGL-1 knockdown Jurkat cells were used as producer
cells to assemble HIV-1 particles, the infectivity of the harvested virions was also
enhanced (Fig.2.7C). These results were reproduced in primary CD4 T cells, which also
showed increased levels of HIV-1 replication following shRNA knockdown of PSGL-1,
further validating the role of PSGL-1 in HIV-1 infection.

PSGL-1 expression robustly inhibited HIV-1 infection and spread in our
HeLaJC53-PSGL-1 cell line, which stably expresses PSGL-1 spreading assay (Fig. 2.3B).
Some of the viral transmission in this cell line is likely to take place at the virological
synapses via cell-cell contact. Considering the notion that HIV-1 Gag co-patches with
PSGL-1 in virion assembly sites (55), it is possible that both proteins also co-localize at
virological synapses, where PSGL-1 may exert its inhibitory effect on viral cell-cell
transmission. PSGL-1 overexpression has also been found to inhibit the binding of
antibodies to different cell surface receptors (77). The molecular mechanism impeding
antibody-receptor interaction was suggested to be steric hindrance elicited by PSGL1’s
extending and heavily glycosylated extracellular domain, which was believed to be

hampering antibody access to the receptors (77). Nevertheless, further investigation is
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needed to determine whether PSGL-1 modulates the efficiency of virus transfer at cell-
cell junctions.

Since preventing particle binding to target cells is disadvantageous to viruses, it is
logical to assume that viruses have evolved mechanisms to counteract PSGL-1
restriction, by keeping it off the virion surface. A previous report showed that HIV-1 Vpu
can antagonize PSGL-1 by targeting it to E3-ligase-mediated ubiquitination and
proteosomal degradation. Our data corroborated these findings, as we have found the
NL43delVpu mutant to be significantly more susceptible to PSGL-1 restriction than wild
type NL43 (Fig.2.3B). Further, another study suggested that in addition to Vpu, HIV-1
Gag may also contribute to PSGL-1 downregulation from the cell surface by promoting
PSGL-1 incorporation into virions (91).

Besides disrupting the binding of HIV-1 virions to target cells, we observed that
PSGL-1 expression in the virus-producer cells can also interfere with the infectivity of
another retrovirus, MLV, as well as the influenza A virus and a SARS-CoV-2-S lenti-
pseudovirus (Fig.2.16), confirming that the antiviral effect of PSGL-1 is independent of
specific viral glycoprotein-receptor interactions. As mentioned above, we and others have
illustrated that HIV-1 can antagonize PSGL-1 through the activity of Vpu. Further work
is needed to determine whether the other viruses used in this study have also acquired
protective strategies to overcome the blockade inflicted by PSGL-1.

HIV-1 is known to incorporate various host transmembrane proteins during
assembly (90); however, only a few of these have been investigated for their roles on the

surface of HIV-1 particles (90). Our work describes a unique anti-HIV-1 mechanism, by
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which virion incorporation of the host transmembrane protein PSGL-1, sterically
obstructs virus interaction with the target cell membrane. We also found that CD43, a
sialomucin structurally similar to PSGL-1, blocks HIV-1 infectivity by preventing virion
attachment to target cells (Fig. 2.17). The inhibitory effects of PSGL-1 and CD43 on
HIV-1 have been further confirmed in a separate study conducted by Murakami et al.
(91), indicating that an extended and heavily glycosylated mucin-like domain is a
molecular feature that may confer anti-viral properties to a protein. These findings
broaden our understanding of the means employed by host cells to restrict infection by
HIV-1 and other enveloped viruses and may be useful for developing novel antiviral

therapeutic approaches.
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CHAPTER THREE: IDENTIFICATION OF THE SHREK FAMILY OF
PROTEINS AS BROAD-SPECTRUM ANTIVIRAL HOST FACTORS

Abstract

Mucins and mucin-like molecules are heavily glycosylated, high-molecular-
weight cell surface proteins that possess a semi-rigid and highly extended extracellular
domain. In our previous work, we identified P-selectin glycoprotein ligand-1 (PSGL-1), a
mucin-like glycoprotein, as a host factor that restricts HIV-1 infectivity. Mechanistically,
virion-incorporated PSGL-1 was found to sterically hinder virus particle interaction with
target cells. Here, we report the identification of a family of antiviral cellular proteins,
named the Surface-Hinged, Rigidly-Extended Killer (SHREK) family of virion
inactivators (PSGL-1, CD43, TIM-1, CD34, PODXL1, PODXL2, CD164, MUCI,
MUC4, and TMEM123) that possess similar structural features to PSGL-1. We
demonstrate that these SHREK proteins block HIV-1 infectivity by inhibiting virus
particle attachment to target cells. In addition, we demonstrate that SHREK proteins are
broad-spectrum host antiviral factors that block the infection of diverse viruses such as
influenza A. Furthermore, we demonstrate that a subset of SHREKS also blocks the
infectivity of a hybrid alphavirus-SARS-CoV-2 (Ha-CoV-2) pseudovirus. These results
suggest that SHREK proteins may be a part of host innate immunity against enveloped

viruses.
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Introduction

Mucins and mucin-like molecules are heavily glycosylated, high-molecular-
weight cell surface proteins that possess a rigid and highly extended extracellular domain
(1). P-selectin glycoprotein ligand-1 (PSGL-1), a mucin-like glycoprotein (2-4), has
recently been identified as an interferon-induced restriction factor that abolishes HIV-1
infectivity (5), through steric hindrance (6, 7). The block in infectivity was shown to
result from the incorporation of PSGL-1 into virion particles, which inhibits virion
attachment to target cells in the next round of infection. This was attributed to the long
and “bulky” shape of the PSGL-1 molecule, which acts as a barrier between the viral and
cell membranes (6, 7). Mutational mapping revealed that the extracellular domain of
PSGL-1 is necessary for its antiviral activity (6).

PSGL-1 contains a structural characteristic common among mucins and mucin-
like proteins. It has a heavily glycosylated and elongated extracellular domain that
extends nearly 50 nm from the plasma membrane (8-11), which is farther than the
protruding distance of most proteins expressed on the cell surface. To test whether
molecules with a similar structure also possess the ability to block virus infectivity, we
selected a group of cellular proteins encompassing CD43, TIM-1, CD34, PODXL1,
PODXL2, CD164, MUCI1, MUC4, and TMEM123. These proteins have diverse coding
sequences, tissue expression patterns, and functionalities, but share a common hallmark,
a highly extended and heavily glycosylated extracellular mucin domain.

CD43, also known as leukosialin or sialophorin, is a pass transmembrane

glycoprotein belonging to the sialomucin family (12). It is expressed by most leukocytes
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except for resting B cells (13, 14). The CD43 extracellular domain has a rodlike structure
predicted to extend 45 nm from the cell surface (15), and contains numerous serine or
threonine residues modified with heavily sialylated O-linked glycans (16, 17). Like
PSGL-1, CD43 mediates the rolling of lymphocytes on E-selectin expressed on vascular
endothelium for recruitment of activated T cells to sites of inflammation (18, 19). CD43
has also been described as a negative regulator of T-cell activation (20); CD43 depletion
in T cells was found to be associated with a hyper-proliferative phenotype (20).
Interestingly, CD43 is reported to be excluded from the immunological synapse away
from the antigen-presenting cell (APC) contact site (21) to promote efficient contact at T-
cell-APC junctions (22). It was hypothesized that the negative function of CD43 arises
from a repulsive effect on cell-cell contact owing to its large, extensively sialylated and
negatively charged extracellular domain (20, 23). Contrariwise, CD43 has also been
found to have a co-stimulatory role during T-cell activation at the immunological synapse
(24). In HIV infection, CD43 ligation was found to enhance the transcriptional activity of
HIV-1 (25). CD43 was also found to co-cluster, along with PSGL-1 and CD44, with
HIV-1 at lipid raft microdomains where HIV-1 assembles (26, 27). Additionally, we and
others have recently found that CD43 blocks HIV-1 infection by reducing virion
infectivity (6).

T cell immunoglobulin and mucin domain 1 (TIM-1) is a type I membrane protein
with an extracellular domain containing an IgV domain followed and a heavily
glycosylated mucin domain with a variable number of threonine, serine and proline

hexametric repeats (28). TIM-1 is expressed by all activated CD4+ T cells and its
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expression remains high on TH2 cells but is reduced on THland TH17 cells following
differentiation (29). Functionally, TIM-1 has been shown to play an important role in
regulating TH2-cell responses (29). Overexpression of TIM-1 in vitro was shown to
increase IL-4 transcription and induce spontaneous activation of nuclear factor of
activated T cells (NFAT) and activator protein 1 (AP1) elements (29). TIM-1 can also
function as a co-stimulatory molecule for T-cell activation in the presence of T cell
receptor ligation (30). In viral infections, TIM-1 was identified as a host cellular receptor
for Hepatitis A virus (31, 32), and has been also shown to function as a receptor or entry
cofactor for Ebola virus (EBOV) (33) and Dengue virus (DV) (33, 34). Additional studies
later revealed that TIM-family proteins are involved in the entry of a variety of viruses,
presumably via interactions with virion-associated phosphatidylserine (PS) (35, 36),
pointing to a broader role of TIMs in viral infections (35). In HIV-1 infection, TIM-1 was
shown to be a potent inhibitor of virion release, resulting in decreased virus production. It
was demonstrated that TIM-1 retains viral particles at the cell surface, similar to the
phenotype observed with tetherin (37, 38). Virion-incorporated TIM-1 was found to link
virus particles to the plasma membrane through interactions with phosphatidylserine (PS)
on both the cell and viral membranes (37).

CD34, podocalyxin (PODXL1), and endoglycan (PODXL2) are closely related
proteins belonging to the CD34 family of cell surface sialomucins (39). All three CD34-
family proteins contain a serine-, threonine- and proline-rich extracellular mucin domain
that is extensively O-glycosylated and sialylated, resulting in large molecular masses

ranging from 90-170 kDa (39). The expression patterns of the CD34-family proteins are
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overlapping, but the individual proteins are also distinctly expressed in specific tissues
(40). CD34 is widely used as a marker of hematopoietic stem cells and progenitor cells
and vascular endothelial cells and (41-43), and PODXL1 is also extensively expressed on
vascular endothelial cells and hematopoietic stem and progenitor cells (44). However,
PODXL1 was initially identified as a marker of kidney glomerular epithelial cells
(podocytes) (45) and was found to be essential for kidney development as PODXL1-
deficient mice exhibit perinatal lethality (46). The third CD34 family member, PODXL2
was discovered through its sequence similarity to CD34 and PODXL1 and is also
expressed by a subset of hematopoietic cells (47). Besides being surface cell markers of
hematopoietic progenitor cells, several other functions have been proposed for this family
of proteins. One such function is enhancing the proliferation and blocking the
differentiation of progenitor stem cells (48, 49). Another function of CD34, PODXLI,
and PODXL2 is their involvement in lymphocyte adhesion to the vascular endothelium
through interactions mediated by CD34 family members (on endothelial cells) and L-
selectin (on lymphocytes) (40). Additionally, CD34 on hematopoietic stem/progenitor
cells has been reported to facilitate cell migration to specialized microvascular beds in the
bone marrow that express E- or P-selectins (50). In viral diseases, CD34 has been studied
only as a cell marker of infected cells, whereas other members of the CD34 family have
not been implicated in viral infection. Several studies have detected viral products of
different viruses including, Cytomegalovirus, hepatitis C virus (HCV), hepatitis B virus

(HBV), and HIV-1, in CD34+ stem cells (51-56). Nevertheless, unlike PSGL-1, CD43,
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and TIM-1, it remains unclear whether the CD34 family molecules themselves pose any
direct effects on viral infection.

CD164, or endolyn, is a homodimeric 80- to 90-kD mucin-like molecule that is
co-expressed with CD34 on the surface of human hematopoietic cells (57, 58). Like the
other mucins, CD164 has a high content of proline, threonine, and/or serine residues
densely modified with O-linked carbohydrates (59). It has been implicated in regulating
the proliferation, adhesion, differentiation, and migration of hematopoietic stem cells (57,
60-62). Additionally, many studies on CD164 have indicated a role for this molecule in a
variety of cancers including prostate- and colon cancers and glioblastoma, suggestive of
its potential as a marker of tumorigenesis (63-65). With relevance to viral infections,
CD164 has been identified as a potential HIV restriction factor in a genome-wide scan for
genes having molecular and evolutionary characteristics of known restriction factors (66).
CD164 was found to suppress the production of infectious HIV particles (66), although
the mechanism of the CD164-mediated HIV inhibition was not investigated. TMEM 123
(Porimin) is a CD164-related sialomucin with a high density of glycosylated threonine
and serine residues in its extracellular domain (67). The exact functions of TMEM123 are
unclear; however, it was found to induce oncotic cell death upon crosslinking with an
anti-porimin antibody (67, 68). TMEM 123 was also suggested to have anti-adhesive
properties as TMEM 123 transfectants were shown to detach from supporting cell culture
dishes (67). Regarding HIV-1 or other viral infections, no roles for TMEM 123 have been

previously described.

93



We also selected MUC1 and MUC4, which are large transmembrane mucins with
dense arrays of O-linked oligosaccharides attached to threonine and serine residues in the
extracellular domains (69). Both MUC1 and MUC4 were reported to modulate cell-cell
and cell-extracellular matrix (ECM) interactions by steric hindrance and have been
reported to protect against pathogens (70). MUC1 and MUC4 are expressed in the
airways (71), and on a variety of secretory epithelia (72, 73). The expression patterns of
MUCI and MUCH4 in the lung have been suggested to form a filtering mesh that
decreases the size of particles allowed to enter the intraciliary space (71). MUCI was
found to regulate gastric inflammation in repones to Helicobacter pylori infection (74,
75), and to downregulate inflammation during acute lung infection by Pseudomonas
aeruginosa (76). Regarding viral infections, MUCI1 has been found to protect against
infection with influenza A virus (IAV). It was shown that the sialylated form of MUC1
binds to AV virions, capturing them and reducing their ability to infect host cells (77). A
more recent study also demonstrated, using a viral dynamics model, that MUCT has an
anti-inflammatory role in the immune response against influenza virus (78). MUCI1 and
MUC4 from mucosal secretions have also been reported to have anti-HIV properties (79-
82).

In this study, we sought to determine whether these mucins and mucin-like
proteins (TIM-1, CD34, PODXL1, PODXL2, CD164, MUC1, MUC4, and TMEM123)
possess PSGL-1- and CD43-like capacities to inactivate HIV-1 infectivity. We found that
all these proteins can block the infectivity of HIV-1 by inhibiting virus particle

attachment to target cells. We also demonstrated that SHREK proteins are broad-
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spectrum host antiviral factors that block the infection of diverse viruses such as
influenza A. These results suggest that SHREK proteins may be a part of host defense
mechanisms against enveloped viruses. The results presented in this chapter were
published in the journal Viruses in May 2021.

Materials and Methods

Cells and cell culture

HEK293T (ATCC), MDCK (ATCC), and HeLaJC.53 (kindly provided by Dr.
David Kabat) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen, Carlsbad, CA, USA) containing 10% heat inactivated FBS and 50 units/mL
of penicillin and 50 pg/mL of streptomycin (Invitrogen). HEK293T(ACE2/TMPRSS2)
cells (kindly provided by Virongy) were maintained in DMEM (Invitrogen)
supplemented with 10% FBS and puromycin (1 pg/mL) and hygromycin B (200 pg/mL)
as instructed by the manufacturer. HIV Rev-dependent GFP indicator Rev-A3R5-GFP
cells (kindly provided by Virongy) were cultured in RPMI-1640 plus 10% FBS
supplemented with 1 mg/mL geneticin (G418) (Sigma-Aldrich, Saint Louis, MO, USA),
1 pg/mL puromycin (Sigma-Aldrich), and 50 units/mL of penicillin and 50 pg/mL of
streptomycin (Invitrogen).
Plasmids, transfection, and virus production

The infectious HIV-1 molecular clone pHIV-1(NL4-3) was obtained from the
NIH AIDS Reagent Program. pCMV3-PSGL-1, pCMV3-CD43, pCMV3-CD164,
pCMV3-TMEM123, pCMV3-CD34, pCMV3-PODXLI, pCMV3-PODXL2, pCMV3-

TIMI1, pCMV3-MUC1, pCMV3-MUC4, pCMV3-Empty, pMUC1-HA, pTMEM123-HA
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and SARS-CoV-2 S, M, E, or N expression vectors were purchased from Sinobiological.
The Ha-CoV-2(Luc) vector was described previously (83). pCMV6-XL5-ICAMI,
pCMV6-XL5-CD2, pCMV6-AC-ITGB2, pPCMV6-XL5-CD62L were purchased from
Origene. The pHW-NA-GFP(AAT®6) reporter plasmid and the A/WSN/1933 HINI1-
derived plasmids pHW2000-PB2, pHW2000-PB1, pHW2000-PA, pHW2000-HA,
pHW2000-NP, pHW2000-NA, pHW2000-M, and pHW2000-NS were kindly provided
by Dr. Feng Li.

For HIV-1 virus production, HEK293T cells were cotransfected in a 6-well plate
with 1 pg of pHIV-1(NL4-3) plus the indicated doses of pPCMV3-CD164, pCMV3-
TMEM123, pCMV3-CD34, pCMV3-PODXLI1, pCMV3-PODXL2, pCMV3-TIM1,
pCMV3-MUCI, pCMV3-MUC4 or pCMV3-Empty. Supernatants were collected at 48 h
post cotransfection. For influenza A-GFP reporter particle assembly, HEK293T cells
were cotransfected with pHW2000-PB2, pHW2000-PB1, pHW2000-PA, pHW2000-HA,
pHW2000-NP, pHW2000-NA, pHW2000-M, and pHW2000-NS (0.25 pg each); pHW-
NA-GFP(AAT6) (1.5 pg); and pPCMV3-PSGL-1, pCMV3-CD43, pCMV3-CD164,
pCMV3-TMEMI123, pCMV3-CD34, pCMV3-PODXLI, pCMV3-PODXL2, pCMV3-
TIM1, pCMV3-MUCI, pCMV3-MUC4, or pCMV3-Empty DNA (0.5 pg each) in a 6-
well plate. Viral supernatants were harvested at 48 h. Hybrid alphavirus-SARS-CoV-2
(Ha-CoV-2) particles were produced by cotransfection of HEK293T cells in 6-well plates
with SARS-CoV-2 S, M, N, and E expression vectors (0.3 ug each), Ha-CoV-2(Luc) (1.2
ng), and each individual SHREK-expressing vector or a control empty vector (1.6 pg).

Ha-CoV-2 particles were harvested at 48 h post-transfection.
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Viral infectivity assays

For the HIV-1 infectivity assay, p24-normalized HIV-1 particles produced in the
presence of PSGL-1, CD43, CD164, TMEM123, CD34, PODXL1, PODXL2, TIM-1,
MUCI1, MUCA4, or empty vector were used to infect Rev-A3R5-GFP cells (0.2 to 0.5
million cells per infection). The percentage of GFP+ cells was quantified by flow
cytometry at 48 or 72 h post-infection. The IC50 inhibition curves were generated using
GraphPad Software. For the influenza A virion infectivity assay, influenza A-GFP
reporter viruses were assembled in the presence of PSGL-1, CD43, CD164, TMEM123,
CD34, PODXLI, PODXL2, TIM-1, MUC1, MUCA4, or empty vectors. Virions were
harvested at 48 h and used to infect MDCK cells (3 % 104 cells per infection). GFP
expression was quantified at 24 h post-infection by flow cytometry. For Ha-CoV-2
infectivity assay, HEK293T(ACE2/TMPRSS2) cells were infected for 2 h with Ha-CoV-
2 particles assembled in the presence of each SHREK-expressing vector or an empty
vector. Infected cells were washed and cultured for 18 h. Cells were lysed with
Luciferase Assay Lysis Buffer (Promega, Madison, WI, USA). Luminescence was
measured on GloMax® Discover Microplate Reader (Promega).
HIV-1 Env incorporation assay

HIV-1 particles were produced by cotransfection of HEK293T cells with pHIV-
1(NL4-3) DNA (1 pg) plus 100 ng of a vector expressing CD43, CD164, TMEM 123,
CD34, PODXL1, or PODXL2, or 200 ng of a vector expressing MUC1 or MUC4. Empty
vector was used to keep the amount of DNA equal in each cotransfection. Virus particles

were harvested at 48 h and purified through a 10% sucrose gradient by ultracentrifugation
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(10,000% g for 4 h at 4 °C). Particles were resuspended in LDS lysis buffer (Invitrogen)
and subjected to Western blot analysis.
Detection of SHREK proteins in HIV-1 particles

HIV-1 particles were assembled in 6-well plates by co-transfection of HEK293T
cells with pHIV-1(NL4-3) DNA (1 pg) plus an empty vector or the vector expressing
each individual SHREK protein (400 ng). For MUC1 and TMEM123, vectors expressing
hemagglutinin tagged MUC1 or TMEM 123 were used. Particles were harvested at 48 h,
normalized for HIV-1 p24, and subjected to immuno-magnetic capture as previously
described (84). Briefly, magnetic Dynabeads Pan Mouse IgG (Invitrogen) (1 x 108
beads/0.25 mL) were conjugated with one of these antibodies: mouse anti-PSGL-1
antibody (KPL-1) (BD Pharmingen), mouse anti-CD43 antibody (1G10) (BD
Biosciences, San Jose, CA, USA), mouse anti-CD164 antibody (67D2) (Biolegend, San
Diego, CA, USA), mouse anti-PODXL1 antibody (222328) (R & D Systems,
Minneapolis, MN, USA), mouse anti-PODXL2 antibody (R & D Systems), mouse anti-
CD34 antibody (563) (BD Biosciences) or mouse anti-HA tag (HA.C5) antibody
(Abcam, Cambridge, UK) for 30 min at room temperature. After conjugation, antibody-
conjugated beads were incubated with SHREK-bearing viral particles for 1 h at 37 °C.
The complex was pulled down with a magnet and washed with cold PBS 5 times.
Captured viral particles were eluted in 10% Triton x-100 PBS, diluted, and quantified by

p24 ELISA.
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Viral attachment assay

HIV-1 virus particles produced in the presence of PSGL-1, CD43, CD164,
TMEM123, CD34, PODXLI1, PODXL2, TIM-1, MUC1, MUC4, or empty vector were
incubated with HelaJC.53 cells (prechilled at 4 °C for 1 h) at 4 °C for 2 h. The cells were
then washed extensively (5 times) with cold PBS buffer and then lysed with LDS lysis
buffer (Invitrogen) for analysis by Western blot. The attachment of HIV-1 virus produced
in the presence of TMEM123 was also separately tested by pre-incubating the virus with
the mouse monoclonal anti-TMEM123 antibody (297617) (ThermoFisher, Waltham,
MA, USA) (25 pg/mL) at 37 °C for 1 h, followed by incubation of the virus with
HeLaJC.53 cells at 4 °C for 2 h and lysis of the cells with LDS buffer.
Western blots

Cells were lysed in LDS lysis buffer (Invitrogen). Proteins were denatured by
boiling in sample buffer and subjected to SDS-PAGE, transferred to a nitrocellulose
membrane, and incubated overnight at 4 °C with one of these primary antibodies: mouse
anti-HIV-1 p24 monoclonal antibody (183-H12-5C) (NIH AIDS Reagent Program)
(1:1000 dilution), human anti-HIV-1 gp41 antibody (2F5) (1:1000 dilution) (NIH AIDS
Reagent Program), mouse anti-MUC1 antibody (HMPV) (BD Biosciences) (1:1000
dilution), mouse monoclonal anti-MUC4 antibody (1G8) (ThermoFisher) (1:1000
dilution), mouse monoclonal anti-TMEM123 antibody (297617) (ThermoFisher) (1:1000
dilution), or anti-GAPDH goat polyclonal antibody (Abcam) (1:1000 dilution).
Membranes were incubated with HRP-labeled goat anti-mouse IgG (KPL) (1:2500

dilution) for 60 min at room temperature, or goat anti-human 800cw-labeled antibodies
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(Li-Cor Biosciences) (1:2500 dilution) for 30 min at room temperature.
Chemiluminescence signal was detected by using West Femto chemiluminescence
substrate (Thermo Fisher Scientific), and images were captured with a CCD camera
(FluorChem 9900 Imaging Systems) (Alpha Innotech, San Leandro, CA, USA). Blots
stained with infrared antibodies were scanned with the Odyssey infrared imager (Li-Cor
Biosciences).
P24 ELISA

Detection of extracellular HIV-1 p24 was performed using an in-house p24
ELISA kit. Briefly, microtiter plates (Sigma-Aldrich) were coated with anti-HIV-1 p24
monoclonal antibody (183-H12-5C) (NIH AIDS Reagent Program). Samples were
incubated for 2 h at 37 °C, followed by washing and incubating with biotinylated anti-
HIV immune globulin (HIVIG) (NIH AIDS Reagent Program) for 1 h at 37 °C. Plates
were then washed and incubated with avidin-peroxidase conjugate (R &D Systems) for 1
h at 37 °C, followed by washing and incubating with tetramethylbenzidine (TMB)
substrate. Plates were kinetically read using an ELx808 automatic microplate reader (Bio-
Tek Instruments, Winooski, VT, USA) at 630 nm.
Surface staining

HEK293T cells were transfected with 400 ng of pPCMV3-PSGL-1, pCMV3-
CDA43, pCMV3-CD164, pCMV3-CD34, pCMV3-PODXL1, pCMV3-PODXL2, pCMV3-
TIM-1, or pPCMV3-Empty DNA. At 48 h post transfection, 0.5—1 million cells were
stained with one of the following primary antibodies: mouse anti-PSGL1 antibody (KPL-

1) (BD Pharmingen), mouse anti-CD43 antibody (1G10) (BD Biosciences), mouse anti-
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CD164 antibody (67D2) (Biolegend), mouse anti-CD34 antibody (563) (BD
Biosciences), mouse anti-TIM-1 antibody (219211) (R & D Systems), mouse monoclonal
anti-PODXL1 antibody (222328) (R & D systems), or mouse monoclonal anti-PODXL2
antibody (211816) (R & D Systems), followed by staining with Alexa Fluor 488
conjugated goat anti-mouse secondary antibody (Invitrogen).
Results

Inactivation of HIV-1 infectivity by mucin and mucin-like proteins

Our previous studies have demonstrated that the mucin-like adhesion molecule,
PSGL-1, blocks HIV-1 virion infectivity through particle incorporation of PSGL-1 which
hinders virion attachment to target cells. Deletion of the extended and highly
glycosylated extracellular domain of PSGL-1 was found to abolish its antiviral activity
(6). The bulk of the extracellular domain of PSGL-1 comprises 14-16 decameric repeats
(DRs) with multiple O-glycosylated threonine and proline residues (85, 86). These
repeats are essential for PSGL-1’s selectin binding function as they elongate and
strengthen the extracellular domain of PSGL-1 (86). As shown in the previous chapter,
removal of the DR portion from the PSGL-1 N-terminus abrogates the molecule’s
capacity to restrict HIV-1 (6) (Figure 3.1A and 3.1C). This finding demonstrates that the
heavily glycosylated, large extracellular mucin domain of PSGL-1 is required for
blocking virion infectivity (6, 7). To that end, we sought to determine whether the anti-
HIV-1 activity of PSGL-1 extends to other mucins and mucin-like proteins with similar
extracellular domains. We selected a group of mucins and mucin-like proteins including

CD43, TIM-1, CD34, PODXLI1, PODXL2, CD164, MUC1, MUC4, and TMEM123
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(Figs. 3.1 and 3.2), all of which contain extended mucin domains that are heavily

glycosylated (Fig. 3.1A).
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Figure 3.1 Inactivation of HIV-1 infectivity by SHREK proteins.

A) Schematic of PSGL-1 and SHREK proteins used in this study. B) Schematic of HIV-1 virion production in the
presence of SHREK proteins. C) SHREK proteins inactivate HIV-1 virion infectivity. HEK293T cells were
cotransfected with HIV(NL4-3) DNA (1 pg) plus each individual SHREK-expressing vector (100 ng for TIM-1, 500 ng
for other SHREKS). Virions were harvested at 48 hours and normalized for p24, and viral infectivity was quantified by
infecting Rev-A3R5-GFP indicator cells with equal p24 input of each virus. Shown are the percentages of GFP+ cells
at 72 hours post-infection. Shown are representative results from 3 independent experiments.

Each mucin or mucin-like protein was co-transfected separately with HIV-1(NL4-

3) DNA into HEK293T cells to assemble viral particles. The expression of these proteins
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was verified post transfection (Fig. 3.2) and the infectivity of the released virions was
quantified by infecting the HIV-1 Rev-dependent indicator cell line, Rev-A3R5-GFP
(87), using equal inputs of p24 for each virus. We found that the expression of each
protein individually in virus producer cells blocked the infectivity of the progeny HIV-1

virions (Figure 3.1C).
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Figure 3.2 Expression of SHREK proteins in HEK293T cells following transfection.

A) HEK293T cells were transfected with 400 ng of either PSGL-1, CD43, CD164, CD34, TIM-1, PODXLI, or
PODXL2. Expression of each protein was quantified at 48 hours by surface staining using antibodies against each of
the indicated proteins. B) HEK293T cells were transfected with 400 ng of MUC1, MUC4, TMEM123, or an empty
vector. Expression of each protein was measured by Western blot using antibodies against MUC1, MUC4 or

TMEM123.

Anti-HIV-1 activity is not a shared attribute among transmembrane proteins
Next, we asked whether this antiviral capacity is a general characteristic found in

any transmembrane protein with a large extracellular domain. We randomly selected
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several non-mucin adhesion molecules containing varying numbers of extracellular
repeat domains; CD2, ICAM-1, E-selectin, L-selectin and ITGB2 (Fig. 3.3). CD2 and
ICAM-1 are members of the immunoglobulin (Ig) superfamily of proteins that contain
heavily glycosylated extracellular Ig repeat domains (2 and 5 Ig domain repeats for CD2
and ICAM-1, respectively) (88). L-selectin and E-selectin belong to the selectin family of
adhesion molecules that share a similar extracellular structure with a variable number of
consensus repeats (2 and 6 repeats for L- and E-, respectively) (89). We also selected
integrin beta chain-2 (ITGB2), which has a large extracellular domain with integrin
epidermal growth factor-like repeat domains (I-EGF repeats) (90). Using the similar
experimental conditions described above, each non-mucin protein was similarly co-
transfected with HIV-1(NL4-3) DNA into HEK293T cells to assemble viral particles,
which were then harvested and tested for their infectivity on Rev-A3R5-GFP cells. In
contrast to the mucin and mucin-like proteins, which all elicited anti-HIV activity, the
non-mucin adhesion molecules had minimal effects on the infectivity of released particles
(Figure. 3.3B). Only one of the non-mucin proteins tested, E-selectin, was found to
inhibit virion infectivity (Fig. 3.4). Taken together, these results demonstrate that the anti-
HIV effect exerted by mucin and mucin-like proteins is not a common feature of

transmembrane proteins expressed in virus-producing cells.
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Figure 3.3 Not all transmembrane proteins can inhibit HIV-1 infectivity.

A) Schematic of HIV-1 virion production in the presence of non-mucin proteins. B) Schematic of non-mucin cell
surface proteins used in this study. C) HEK293T cells were co-transfected with HIV(NL4-3) DNA (1 pg ) plus an
empty vector of a vector expressing each of CD2, ICAM-1, L-selectin, or ITGB2. Virions were harvested and
normalized for p24. Viral infectivity was quantified by infecting Rev-A3R5-GFP indicator cells with equal p24 inputs
of each virus. Representative results from 3 independent experiments are shown.
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Figure 3.4 E-selectin inhibits HIV-1 infectivity.

A) Schematic of the E-selectin structure. B) HEK293T cells were co-transfected with HIV(NL4-3) DNA (1 pg ) plus
the vector expressing E-selectin or an empty vector (400 ng). Virions were harvested at 48 hours and normalized for
p24, and viral infectivity was quantified by infecting Rev-A3R5-GFP indicator cells. Shown are the percentages of
GFP+ cells at 72 hours post-infection.
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Mucins and mucin-like proteins inhibit HIV-1 in a dose-dependent manner

We next performed a dose-response assay by assembling HIV-1 particles in the
presence of increasing doses (0.5 ng — 400 ng) of each protein in our panel. Using equal
p24 equivalents of each virus for infection, we observed a dosage-dependent inhibition of
HIV-1 by all the proteins tested (Figs. 3.5-3.13). The 50% inhibition dosage for each
protein was also calculated (Figure 3.5B). Among these proteins, CD34, the well-known
stem cell maker, was highly potent against HIV- 1 (Fig. 3.5 and 3.8); while MUCI1
showed the least potency, requiring high doses (200ng) for complete virion inactivated
(Figs. 3.5 and 3.11). Based on the antiviral activity and shared structural features of these
proteins, we named them the Surface-Hinged, Rigidly Extended Killer (SHREK) family

of virion inactivators.
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Figure 3.5 Dose-dependent inhibition of HIV-1 infectivity by SHREK proteins.

A) HEK293T cells were co-transfected with HIV(NL4-3) DNA (1 pg) plus each individual SHREK-expressing
expression vector (0.5 to 400 ng of DNA). Virions were harvested at 48 hours and normalized for p24, and viral
infectivity was quantified by infecting Rev-A3R5-GFP indicator cells. The dose-dependent inhibition curve by each
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individual SHREK protein was plotted from two independent experiments. B) The 50% inhibition dosage (IC50) for
each SHREK protein was calculated.
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Figure 3.6 Dose-dependent inhibition of HIV-1 by PODXL2.

HIV-1 particles were produced in HEK293T cells by co-transfection of HIV-1(NL4-3) DNA (1 pg) plus an empty
vector or the indicated doses of PODXL2. P24-normalized virions were used to infect Rev-A3R5-GFP cells. The
percentage of GFP+ cells was quantified by flow cytometry at 72 hours post-infection.
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Figure 3.7 Dose-dependent inhibition of HIV-1 by PODXLI1.

HIV-1 particles were produced in HEK293T cells by co-transfection of HIV-1(NL4-3) DNA (1 pg) plus an empty
vector or the indicated doses of PODXL 1. P24-normalized virions were used to infect Rev-A3R5-GFP cells. The
percentage of GFP+ cells was quantified by flow cytometry at 72 hours post-infection.
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Figure 3.8 Dose-dependent inhibition of HIV-1 by CD34.

HIV-1 particles were produced in HEK293T cells by co-transfection of HIV-1(NL4-3) DNA (1 pg) plus an empty
vector or the indicated doses of CD34. P24-normalized virions were used to infect Rev-A3R5-GFP cells. The
percentage of GFP+ cells was quantified by flow cytometry at 72 hours post-infection.

109



|

N

Rev-A3R5-GFP +HIV +HIV + HIV + HIV
Cell only (TIM-1, 0 ng) (TIM-1,0.5ng) (TIM-1,1ng) (TIM-1,25ng)
o ¢ 4 o,
' 13.66% T 1201%
|J ‘_ i e—— 10, P —

-

‘°’“f W @ @ ,;,4 "w ”‘d W @ W "'TT&""?J"‘-«
+ HIV + HIV + HIV + HIV + HIV

(TIM-1, 5 ng) (TIM-1,10ng) (TIM-1,50 ng ) (TIM-1,100 ng )

wt ' 1wt 1w
6.47% 6.34% 2.83% 0.24%
» Yoot W 1
oy ] . W]
' & ' 10
uf‘ (R ST Y o’ v
GFP

Figure 3.9 Dose-dependent inhibition of HIV-1 by TIM-1.
HIV-1 particles were produced in HEK293T cells by co-transfection of HIV-1(NL4-3) DNA (1 pg) plus an empty
vector or the indicated doses of TIM-1. P24-normalized virions were used to infect Rev-A3R5-GFP cells. The

percentage of GFP+ cells was quantified by flow cytometry at 72 hours post-infection.
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Figure 3.10 Dose-dependent inhibition of HIV-1 by CD164.
HIV-1 particles were produced in HEK293T cells by co-transfection of HIV-1(NL4-3) DNA (1 pg) plus an empty
vector or the indicated doses of CD164. P24-normalized virions were used to infect Rev-A3R5-GFP cells. The

percentage of GFP+ cells was quantified by flow cytometry at 72 hours post-infection.
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Figure 3.11 Dose-dependent inhibition of HIV-1 by MUC1.

HIV-1 particles were produced in HEK293T cells by co-transfection of HIV-1(NL4-3) DNA (1 pg) plus an empty
vector or the indicated doses of MUC1. P24-normalized virions were used to infect Rev-A3R5-GFP cells. The
percentage of GFP+ cells was quantified by flow cytometry at 72 hours post-infection.
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Figure 42 Dose-dependent inhibition of HIV-1 by MUC4.

HIV-1 particles were produced in HEK293T cells by co-transfection of HIV-1(NL4-3) DNA (1 pg) plus an empty
vector or the indicated doses of MUC4. P24-normalized virions were used to infect Rev-A3R5-GFP cells. The
percentage of GFP+ cells was quantified by flow cytometry at 72 hours post-infection.
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Figure 3.13 Dose-dependent inhibition of HIV-1 by TMEM123.

HIV-1 particles were produced in HEK293T cells by co-transfection of HIV-1(NL4-3) DNA (1 pg) plus an empty
vector or the indicated doses of TMEM123. P24-normalized virions were used to infect Rev-A3R5-GFP cells. The
percentage of GFP+ cells was quantified by flow cytometry at 72 hours post-infection.

The effects of SHREK proteins on virion release

We previously showed that the expression of the mucin-like protein PSGL-1 had
minimal effects on HIV-1 particle release when expressed in virus-producing cells (6).
To determine the effects of SHREK proteins on virion particle production, we co-
transfected HEK293T cells with HIV-1 (NL4-3) proviral DNA (1 pg) and varying inputs
(0.5 ng- 400 ng) of each of the SHREK-protein-expressing vectors (Fig. 3.14). Viral
production in the presence of each SHREK protein was evaluated by quantifying p24
levels in the transfection supernatant. At doses below 100 ng, all the proteins except
TIM-1 showed minor effects on virion release (Fig. 3.14), while CD34, PODXLI, and
CD164 (66) inhibited HIV-1 virion release at higher dosages (100 ng and above). TIM-1
potently inhibited virion release in a dose-dependent fashion, consistent with previous

reports (37, 38). While the proteins did not have a substantial effect on virion release, all
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the tested proteins, except for MUCI, showed effective blockage of virion infectivity at
doses below 50 ng (Figs. 3.5-3.13). These results demonstrate that like PSGL-1 (6),
abolishing the infectivity of virions rather than affecting their release is a predominant

mechanism enacted by the SHREK proteins.
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Figure 3.14 Effects of SHREK proteins on HIV-1 viral release.

HEK293T cells were co-transfected with HIV(NL4-3) DNA (1 pg) plus each individual SHREK expression vector (0.5
to 400 ng of DNA). Virion release was quantified at 48 h post co-transfection by HIV-1 p24 ELISA. Data are
represented as mean + SD from ELISA triplicate. Experiments on the effects of TIM-1 were independently repeated 3
times, and experiments on effects of other SHREKS on release were independently repeated twice.
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Virion incorporation of SHREK proteins and their effect on HIV-1 Env
incorporation

Previous work on PSGL-1-mediated HIV-1 restriction supports a model in which
PSGL-1 blocks the virus attachment step; PSGL-1 is incorporated into assembling virion
particles in producer cells, which sterically hinders progeny virion binding to target cells
(6, 7). Virion incorporation of PSGL-1 was also shown to reduce HIV-1 Env protein
incorporation into the virus particle (6, 7). Thus, we asked whether SHREK proteins are
similarly incorporated into HIV-1 during particle assembly. We employed a previously
described immunomagnetic particle pull-down assay (84), in which SHREK antibody-
coupled beads were used to pull down virion particles bearing SHREK proteins on their
surface (Fig. 3.15A). The quantities of particles pulled down by each antibody were
determined by p24 ELISA. As a positive control, we also used an anti-PSGL-1 antibody
to pull down particles derived from PSGL-1-expressing cells. The PSGL-1 antibody
specifically pulled down virion particles produced from cells expressing PSGL-1 but not
from cells co-transfected with an empty vector, confirming recent findings that PSGL-1
is incorporated into HIV-1 particles (6, 7). We thus proceeded with this magnetic capture
assay to detect virion incorporation of the SHREK proteins. The anti- CD43, -CD164, -
PODXLI, -PODXL2, and -CD34 antibodies selectively captured virions produced from
cells expressing these SHREK proteins (Fig. 3.15A, B), demonstrating their incorporation
into HIV-1 particles. However, the commercially available anti-TMEM123, -MUC]1, and

-MUC4 antibodies were ineffective at pulling down virus particles.
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Figure 3.15 Virion incorporation of SHREK proteins and its effects on HIV-1 Env incorporation.

A) Schematic of the immune-magnetic capture assay used to detect SHREK proteins on HIV-1 particles. B) HEK293T
cells were cotransfected with pHIV-1(NL4-3) DNA (1 pg) plus each individual SHREK protein expression vector or
empty vector (400 ng of DNA). As a control, cells were also transfected with only a SHREK -expressing vector (400
ng). Empty vector was used to maintain an equal DNA concentration. For MUC1 and TMEM123, vectors expressing
hemagglutinin tagged TMEM123 or MUC1 were used. Supernatants were harvested at 48 h, normalized for p24, and
incubated with magnetic beads coated with antibodies for each individual SHREK or hemagglutinin. Captured particles
were washed, eluted, and quantified for the p24 levels with HIV-1 p24 ELISA. Data are presented as the percentage of
input particles captured by the beads. The experiment was independently repeated 3 times, and the means = SD from
ELISA triplicates are shown. C) Effect of SHREK proteins on HIV-1 Env incorporation. HEK293T cells were co-
transfected with HIV(NL4-3) DNA plus each SHREK protein expression vector or an empty vector. Particles were
harvested at 48 h and purified through a sucrose gradient. Virions were lysed and analyzed with Western blot using
antibodies against HIV-1 gp41 and p24. Representative blots from 3 independent experiment repeats are shown. The
band intensities were quantified from the three blots and normalized for p24. p-values were calculated using the two-
tailed T-test. Significance values are indicated using asterisks as follows; * =p < 0.05, *** =p <0.001, **** =p <

0.0001.
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Therefore, we replaced TMEM123 and MUC1 with hemagglutinin-tagged
TMEM123 or MUCI to assemble HIV-1 virions and used anti-hemagglutinin magnetic
beads to pull down these particles. Using this method, we observed that TMEM123 and
MUCI1 were also incorporated into HIV-1 particles (Figure 3.15A, B). Next, we sought to
determine whether virion incorporation of SHREK proteins affected HIV-1 Env
incorporation. Virion particles were assembled in the presence or absence of each
SHREK protein, purified through a sucrose gradient, and then analyzed by western blot
for HIV-1 Env gp41 and p24. As shown in Figure 3.15C, the tested SHREK proteins,
except TMEM123, had varying levels of inhibitory effects on HIV-1 Env incorporation.
SHREK proteins inhibit virus particle attachment to target cells

We and others have reported that PSGL-1 sterically hinders HIV-1 particle
attachment to target cells (6, 7). To determine whether the SHREK proteins in this study
also inhibited virion binding, we performed an attachment assay using virus particles
derived from cells expressing each SHREK protein individually (Fig. 3.16). HeLaJC53
cells were incubated with HIV-1 particles (assembled in the presence of each SHREK
protein) for 2 h at 4 °C. Virus attachment was then detected by western blot analysis as
the amount of cell-associated p24 after extensive washing. As shown in Figure 3.16A,
particles produced from the PSGL-1-expressing cells were highly impaired in their ability
to attach to target cells. A similar strong impairment was observed for virions produced
from the CD34- and the PODXL2-expressing cells. The other proteins (CD43, CD164,
PODXLI1, MUCI, and MUC4) also inhibited virion attachment with various degrees

(Fig. 3.16). Interestingly, TMEM 123 slightly enhanced HIV-1 virion attachment to target
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cells (Fig. 3.16), although it inhibited viral infection (Fig. 3.3 and 3.14). We speculated

that TMEM123 may be interacting with surface proteins on the target cells, resulting in

non-productive binding of virus particles to target cells. When the attachment assay was
done in the presence of an anti-TMEM123 antibody to block possible TMEM 123

interaction with cell surface proteins, virion attachment was decreased (Figure 3.16B).
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Figure 3.16 SHREK proteins block HIV-1 virion attachment to target cells.

A) Viral particles were produced by co-transfection of HEK293T cells with pHIV-1(NL4-3) DNA (1 pg) and each
SHREK protein expression vector individually, or an empty vector (500 ng). HIV-1 p24-normalized viral particles
were then assayed for attachment to target HeLaJC.53 cells by Western blot for cell-bound p24. B) Virions produced in
the presence of the TMEM 123 expression vector, or the empty vector were assayed for attachment in the presence or
absence of an anti-TMEM123 antibody. Representative blots from 3 experiment repeats are shown. The band
intensities were quantified (for A and B) from the three blots and normalized with GAPDH. p-values were calculated
using the two-tailed T-test. Significance values are indicated using asterisks as follows; * = p < 0.05, *** =p < 0.001.
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SHREK proteins inhibit infection by influenza A and SARS-CoV-2 pseudoparticles

PSGL-1 has been reported to be a broad-spectrum antiviral host factor (6). To
determine whether SHREK proteins also have broad-spectrum capacities, we examined
their effect on influenza A virus and SARS-CoV-2 virus-like particles (VLPs). For
assembling influenza A virus, eight vectors encoding the influenza A/WSN/33 (HIN1)
genome segments and a GFP-reporter vector were co-transfected with the individual
SHREK proteins into HEK293T cells (Fig. 3.17A). Virus particles harvested from the co-
transfection were used to infect MDCK cells. We found that the presence of each of the
SHREK proteins in virus-producer cells inhibited infection by the released virions in the
target cells to varying degrees (Figure 3.17B). MUCI1, PODXL1, and MUC4 elicited the
strongest inhibition of influenza A virus, although MUC1 and MUC4 had a weaker effect
on HIV-1. Whereas CD164 and TMEM 123 were the least effective at inhibiting
influenza A.

Next, we inspected the potential effects of SHREK proteins on SARS-CoV-2,
using a recently developed SARS-CoV-2 VLP system comprising hybrid alphavirus-
SARS-CoV-2 particles (Ha-CoV-2) (83). Ha-CoV-2 is a non-replicating SARS-CoV-2
virus-like particle, composed only of the SARS-CoV-2 structural proteins S, M, N, and E,
and an alphavirus-based vector expressing luciferase (83). Recently, a study from our lab
showed that PSGL-1 blocks SARS-CoV-2 S protein virion incorporation, virus
attachment, and Ha-CoV-2 infection of target cells (91). Thus, we assembled Ha-CoV-2
virus-like particles in the presence of each SHREK protein in HEK293T cells. The

harvested VLPs were then used to infect target HEK293T ACE2/TMPRSS2 cells.
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Figure 3.17 SHREK proteins are broad-spectrum host antiviral factors.

A) SHREK proteins inactivate influenza A virion infectivity. Influenza A-GFP reporter viruses were assembled by
cotransfection of HEK293T cells with eight vectors expressing each of the segments of influenza A/WSN/33 (HIN1)
(0.25 pg each), pHW-NA-GFP (AAT6) (1.5 pg), and each individual SHREK -expressing vector or an empty vector
(0.5 pg). Viral particles were harvested at 48 h and used to infect target MDCK cells. This experiment was repeated 3
times. B) Representative results from A), showing GFP+ cells being quantified by flow cytometry following infection
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for 24 h. C) SHREK proteins inhibit Ha-CoV-2 infection. Ha-CoV-2(Luc) particles were assembled in HEK293T cells
by cotransfection of SARS-CoV-2 S-, M-, N- and E- expressing vectors (0.3 pg each), Ha-CoV-2(Luc) vector (1.2 pg),
and each individual SHREK-expressing vector or an empty vector (1.6 pg). Virions were harvested and used to infect
HEK293T(ACE2/TMPRSS2) target cells. Luciferase activity was quantified at 18 h post infection. The experiment was
repeated four times. Data are presented as means + SD from experiment triplicate. p-values were calculated using the
two-tailed T-test. Significance values are indicated using asterisks as follows; **** =p < (0.0001.

We found that besides PSGL-1, CD164, TIM-1, MUC1, and MUC4 also inhibited
Ha-CoV-2 virus infection (Fig. 3.17C), with MUC4 exhibiting the strongest inhibition.
However, we detect no inhibition of Ha-CoV-2 by CD43, CD34, PODXL1, PODXL2,
and TMEM123 (Fig. 3.18), although they were effective inhibitors of HIV-1 (Figs. 3.5-
3.13). Collectively, these observations indicate that SHREK proteins possess broad-
spectrum capabilities and can block the infectivity of multiple viruses. Nonetheless, as
shown in our infectivity assays, the antiviral potency of each SHREK can vary depending
on the targeted virus. These differences could have arisen from possible viral
antagonisms, cellular localization of SHREK proteins, sites of viral budding or other

unknown factors.

120



Luciferase activity

200000 -
180000 «
100000 «
10000 - I
N

Ha-CoV-2

Figure 3.18 Lack of inhibition of Ha-CoV-2 virion infectivity by CD43, CD43, PODXL1, PODXL2, and
TMEM123.

Ha-CoV-2(Luc) particles were assembled in HEK293T cells by cotransfection of SARS-CoV-2 S-, M-, N- and E-
expressing vectors (0.3 pg each), Ha-CoV-2(Luc) vector (1.2 pg), and each individual SHREK-expressing vector
(CD43, CD34, PODXL1, PODXL2, or TMEM123) or an empty vector (1.6 pg). Virions were harvested and used to
infect HEK293T (ACE2/TMPRSS2) target cells. Luciferase activity was quantified at 18 hours post infection. Data are
presented as means + SD from experiment triplicate.

Discussion

Using HIV-1 as a model, we identified a group of host proteins, which we have
named SHREK, possessing the ability to broadly inactivate virion infectivity (Fig. 3.1).
These proteins share structural characteristics with PSGL-1 and are expressed in a wide
variety of cells and tissues. We observed a dosage-dependent inhibition of HIV-1 virion
infectivity by SHREKSs using a range of doses of each protein (from 0.5 ng to 400 ng of
SHREK expression vector) (Figs. 3.5-3.13).

Our primary focus in the current study was on proteins with mucin and mucin-like

domains; however, it is possible that the SHREK family may encompass other proteins
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with different molecular structures, such as E-selectin (Fig. 3.4). Several proteins in this
report have been previously implicated in HIV-1 infection; PSGL-1 and CD43 were
shown by us and others to inactivate HIV-1 infectivity (5-7, 92); CD164 was identified in
a genome-wide screening analysis as a potential anti-HIV-1 restriction factor (66); TIM-1
has been shown to inhibit particle release by retaining virions at the plasma membrane
(37, 38); and MUC1 and MUCH4 purified from human breast milk were reported to have a
neutralizing effect against HIV-1 (79-82). So far, it has been demonstrated that SHREK
proteins may exert their antiviral activities through various mechanisms including
blocking virion release (e.g., inhibition of HIV-1 release by TIM-1 (37, 38); inhibition of
virion incorporation of viral surface glycoproteins (e.g., PSGL-1 inhibiting HIV-1 gp160
incorporation (6); or virion incorporation of a SHREK that sterically hinders progeny
virus attachment to target cells (e.g., PSGL-1 inhibition of HIV-1 virus attachment to
target cells (6, 7).

The physiological relevance of SHREK family members, PSGL-1 and CD43, in
restricting HIV-1 virion infectivity has been previously demonstrated (6, 7). PSGL-1
knockdown from human CD4 T cells showed that even slight reductions of endogenous
PSGL-1 in primary CD4 T cells can lead to an enhancement of virion infectivity (6, 7).
Murakami el. al showed that knocking out CD43, from CD4 T cells also enhances HIV-1
infectivity (7). Nevertheless, the effects of depleting other SHREK family members on
viral infectivity are yet to be determined.

Although several SHREK proteins, such as PSGL-1 (5), CD43 (93), CD164 (66,

94), TMEM123 (95), MUCI1 (96), and MUC4 (97), are reported to be inducible by
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interferons, we do not define the SHREK proteins as typical restriction factors; further
work is needed to classify them as such. Rather, we postulate that they may act as natural
barriers of innate immunity against infection, analogous to the skin (98) or the mucous
membranes (99, 100). The SHREK family likely includes a wide variety of proteins that
could either be interferon-inducible or constitutively expressed in specific cell types (e.g.,
CD34) to protect critical cell populations against invading pathogens.

Curiously, some of the SHREK proteins identified in our study (CD34, PODXL1,
PODXL2, and CD164) are abundantly expressed on the surface of stem and progenitor
cells (40, 57). CD34, the well-known stem and progenitor cell marker (43), was potent
against HIV-1 in our dose-dependent inhibition assay (Figs. 3.5 and 3.8). It is therefore
possible these SHREKSs serve as a type of natural defense that limits retroviral replication
in critical cell populations, such as progenitor cells. Several studies have reported that
HIV-1 can enter and express viral genes in CD34+ hematopoietic progenitor cells, albeit
with low levels of replication (56, 101). Viral replication was shown to become more
admissible in HPCs with GM-CSF and TNF-a treatment, which induces myeloid
differentiation. This cytokine-induced viral permissiveness is concurrent with cytokine-
mediated CD34 downmodulation from the cell surface (101).

Given the antiviral effects of the SHREKS, it can be expected that viruses have
evolved mechanisms to counteract these proteins. Previous studies have shown that
viruses such as HIV-1 can antagonize the blockade imposed by some of the SHREK
proteins. For example, HIV-1 uses the accessory proteins Vpu and Nef to degrade and

downregulate PSGL-1 on CD4 T cells (5, 6). Other studies also reported that cell surface
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CD43 is reduced in the presence of HIV-1 infection (102), and upon CD43 and Vpu
ectopic co-transfection (6). It remains to be determined whether there are any similar
mechanisms, by which different viruses could antagonize individual SHREK proteins.

Several SHREK proteins (PSGL-1, CD164, TIM-1, MUC1, and MUC4) inhibited
HaCoV-2 infection. MUC4 displayed the strongest inhibition among these SHREKS in
our VLP infection assay. Reportedly, cell-free mucins purified from human breast milk
possess neutralizing effects against HIV-1 (81). A recent study has also reported that
MUCH4 expression plays a protective role in female mice in SARS-CoV infection (103).
In chikungunya virus (CHIKYV) infection, loss of MUC4 was shown to result in
augmented disease during early infection, indicating that MUC4 may a play a broad role
in viral infection and pathogenesis (103).

We detected no inhibition of Ha-CoV-2 by CD43, CD34, PODXL1, PODXL2,
and TMEM123 (Fig. 3.18), although these proteins were efficient inhibitors of HIV-1
(Fig.3.5). The observed variation in the viruses targeted by SHREK proteins could be
stemming from differences in sites of viral assembly and budding. While the SARS-CoV-
2 budding site is mainly at the membranes of the ER-Golgi compartments (104), HIV-1
buds from the plasma membrane (105). Because of these differences, distinct cellular
SHREK proteins may be incorporated into different viruses.

In summary, we have demonstrated that members of the SHREK protein family
can inhibit the infectivity of a broad range of enveloped viruses. The identification of
these proteins as antiviral factors may be useful for developing potential new antiviral

therapeutics that induce or modulate SHREK activities in virus-infected cells.
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