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ABSTRACT

Kaposi's sarcoma-associated herpesvirus (KSHV) employs diverse mechanisms to subvert host immune responses, contributing
to its infection and pathogenicity. As an immune evasion strategy, KSHV encodes the Membrane-Associated RING-CH
(MARCH)-family E3 ligases, K3, and K5, which target and remove several immune regulators from the cell surface. In this
study, we investigate the impact of K3 and K5 on lymphotoxin receptor (LTBR) ligands, LTS and LIGHT, which are type II
transmembrane proteins and function as pivotal immune mediators during virus infection. Upon co-expression of viral MARCH
proteins with LT@BR ligands, we showed that K3 and K5 selectively targeted LT[, but not LIGHT, for the downregulation of
surface expression. Specifically, K3 and K5 E3 ligases interacted with the transmembrane domain of LT(. Intriguingly, K3
interacted with an immature form of LT@, whereas K5 targeted the fully mature form. Subsequent biochemical analyses
revealed that K3 disrupted the initial steps of N-glycosylation maturation of LT@. This interference resulted in the sequestration
of LTB within the endoplasmic reticulum, impeding its trafficking to the plasma membrane. Consequently, the K3-mediated
downregulation of LT surface expression suppressed the LTSR downstream signaling pathway. These findings uncover a novel
mechanism by which KSHV K3 E3 ligase inhibits the membrane trafficking pathway of the LT inflammatory ligand through

glycosylation interference, potentially evading LTBR-mediated antiviral immunity.

1 | Introduction

Kaposi's sarcoma-associated herpesvirus (KSHV), also known
as human herpesvirus 8 (HHV-8), is a member of the Herpes-
viridae family and is implicated in the pathogenesis of several
malignancies such as Kaposi's sarcoma (KS), primary effusion
lymphoma (PEL), and multicentric Castleman's disease (MCD),
particularly in immunocompromised individuals [1-3]. A hall-
mark of KSHYV infection is its ability to establish a persistent,
lifelong infection that remains typically asymptomatic in

immunocompetent individuals, despite continuous monitoring
by the innate and adaptive immune systems [4, 5]. This per-
sistence is facilitated by the virus's sophisticated strategies to
evade host immune responses, which are crucial for its survival
and pathogenesis [6].

One of the key mechanisms by which KSHV manipulates the
host immune system is by modulating processes occurring at
the host cell membrane, including immune recognition, cell
adhesion, and signal transduction. Several viral genes encoded
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by KSHV play significant roles in altering the plasma mem-
brane dynamics of host cells. For instance, the replication and
transcription activator (RTA), encoded by ORF50, suppresses
Toll-like receptor 3 (TLR3) and TLR4 signaling pathways by
downregulating their adaptor proteins, TRIF and myeloid dif-
ferentiation primary response protein 88 (MyD88), respectively
[7, 8]. Additionally, RTA reduces the surface expression levels
of TLR2 and TLR4 by mediating the downregulation of their
protein expressions [9]. KSHV also encodes viral transmem-
brane (TM) proteins such as ORF74 (vGPCR), K1, and K15,
which influence cell survival, signaling, and proliferation [10].
These proteins can activate multiple signaling pathways, acting
as receptors that lead to increased production of cytokines,
chemokines, and growth factors. This activation promotes cell
proliferation, transformation, and survival, contributing to the
pathogenesis of KSHV-associated diseases [11-20]. Further-
more, the viral proteins K3 and K35, also known as modulators
of immune recognition 1 and 2 (MIR1 and MIR2), directly
interact with immune regulators on the plasma membrane [21].
Both K3 and K5 target molecules such as MHC class I and
CD1d, while K5 additionally targets B7-2, ICAM-1, PECAM-1,
and DC-SIGN [22-27]. By reducing the surface expression of
these critical immune molecules, K3 and K5 facilitate immune
evasion, allowing the virus to persist within the host.

K3 and K5 share significant similarities and are classified as
immediate early or early genes, playing roles in the early stages
of viral infection [28-32]. They may also be expressed during
latency in response to Notch signaling, indicating their
involvement in both phases of the viral life cycle [33]. Both
proteins contain a RING-CH-type zinc finger domain and
belong to the Membrane-Associated RING-CH (MARCH)
family of E3 ubiquitin ligases [34, 35]. The RING-CH domain is
essential for their function, mediating the ubiquitination of
target proteins on lysine, cysteine, serine, or threonine residues
[34, 36-40]. This ubiquitination leads to the internalization and
lysosomal degradation of the targeted proteins, altering the
immune capabilities of the host cell mediated by membrane
proteins.

A crucial aspect of the host's antiviral defense is the lympho-
toxin 8 receptor (LTSR) signaling pathway, which involves two
ligands: LTa,f3, and LIGHT [41-43]. LT3, is a heterotrimeric
protein composed of a soluble LTa subunit tethered to the TM
protein LT, which serves as a ligand. LT@R signaling is critical
for the rapid production of type I interferons (IFNs) in response
to viral infections, functioning independently of conventional
Toll-like receptor signaling systems. For example, human
cytomegalovirus (HCMYV), type of f-herpesvirus, can replicate
in dermal fibroblasts by suppressing IFN induction. However,
activation of LT@BR signaling can override this suppression,
inducing IFNs that protect surrounding cells from viral infec-
tion [44, 45]. In murine models, LTER signaling has been shown
to initiate the first wave of IFN production during mouse CMV
infection, highlighting its role in preserving lymphoid organ
integrity and initiating effective immune responses [46-48].
LTRR signaling also plays a significant role in regulating
responses to RNA viruses, such as vesicular stomatitis virus
(VSV). LTBR-differentiated macrophages capture VSV, facili-
tating viral replication and antigen presentation, which are
crucial for adaptive immunity while preventing the selection of

IFN-resistant viral mutants [49, 50]. These findings underscore
the importance of the LTSR pathway as a critical source of early
IFNs, essential for both innate and adaptive immune responses.

Given the pivotal role of LT@R signaling in antiviral immunity
and KSHV's known strategies to evade immune detection, it is
plausible that KSHV may target components of the LTER
pathway to facilitate its infection and persistence. Here, we
demonstrate lymphotoxin § (LTf), the TM protein that forms
the LTa;3, complex and acts as a ligand for LTFR, as a novel
target for the viral E3 ligase proteins KSHV K3 and K5. Our
overexpression assays showed that both K3 and K35 significantly
reduced LTQ surface expression through direct interaction.
Beyond identifying a new cellular target for these viral E3
ligases, we also uncovered distinct regulatory mechanisms.
KSHYV K3 alters LT glycosylation and inhibits its trafficking to
the plasma membrane in an E3 ligase function-dependent
manner, leading to the sequestration of LT within the en-
doplasmic reticulum (ER). These findings suggest that KSHV
K3 may suppress antiviral signaling responses by disrupting the
LTa,B3,-LTER signaling pathway.

2 | Materials and Methods

2.1 | Cells Lines and Cell Culture

HEK-293T and Hela cells were cultured in Dulbecco’s modified
Eagle's medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin/streptomycin
(Gibco). THP-1 cells were cultured in DMEM (Gibco) supple-
mented with 10% FBS (Gibco), 1% penicillin/streptomycin
(Gibco), and 1x f-mercaptoethanol (Gibco). BJAB cells were
cultured in RPMI 1640 medium (Gibco) supplemented with
10% FBS and 1% penicillin/streptomycin. BJAB cells stably
transfected with pIRES-EFla-puro (BJAB-EV), pIRES-K3-puro
(BJAB-K3), and pIRES-K5-puro (BJAB-K5), as previously
described [51], were grown in complete BJAB culture media as
described above, and additionally supplemented with 2 ug/mL
puromycin. All cells were maintained at 37°C in a humidified
incubator with 5% CO,. Before the experiments, cell lines were
tested with MycoAlert Mycoplasma Detection Kit (Lonza) and
confirmed as mycoplasma negative.

2.2 | Plasmids Constructs

KSHV K3, K5, and mutants have been described in previous
research [34, 52], and were transferred into pPCDH-CMV-MCS-
EF1a-CopGFP plasmid for flow cytometry assays. The pIRES-
EFla-K3-puro and pIRES-EFla-K5-puro constructs are
described previously. Genes encoding LTS, LIGHT, and HLA-
A2 (02:01) were cloned into the pIRES-EFla-puro vector with a
C-terminal (LTS, LIGHT) or an N-terminal (HLA-A2) FLAG
tag. The LT N222Q mutation was generated using the Quik-
Change II Site-directed mutagenesis kit (Agilent) with the
pIRES-EF1a-LTB-puro construct as a template. Full-length LTS
and its mutants were cloned into the pEBG construct to add
N-terminal glutathione S-transferase (GST) tag. For imaging,
the LTR-T2A-LTa gene fragment was synthesized (IDT) and
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cloned into pLV-EFla-IRES-puro, and further inserted
mScarlet-I sequences at the C-terminus of LTR. The K3-
miRFP670nano3 and K3mZn-miRFP670nano3 gene fragments
were synthesized (IDT) and cloned into pLV-EF1a-IRES-hygro.
The pLV-EFla-IRES-puro and pLV-EFla-IRES-Hygro were a
gift from Tobias Meyer (Addgene #85134) [53].

2.3 | Materials and Inhibitors

Tunicamycin powder, a glycosylation inhibitor, was purchased
from Sigma and dissolved in DMSO. 12-O-tetradecanoylphorbol-
13-acetate (TPA) was purchased from Cell Signaling and dissolved
in DMSO. Recombinant human LTBR/TNFRSF3 Fc chimera and
recombinant human IgG1 Fc protein were purchased from R&D
Systems.

2.4 | Flow Cytometry

For surface staining, cells were harvested and washed in
Dulbecco's phosphate-buffered saline (DPBS, Gibco), con-
taining 1% FBS. They were stained with the proper antibodies
or isotype control, as indicated. Following fluorescent anti-
body incubations, the cells were fixed in 4% formaldehyde in
DPBS, if needed. For intracellular staining, the Cytofix/Cy-
toperm Fixation/Permeabilization Kit (BD Biosciences) was
used following manufacturer's instructions. Flow cytometry
was performed on an BD FACS Celesta (BD Biosciences),
followed by analysis using FlowJo v10.1 software (Tree Star
Inc.). The following antibodies and isotype controls were
used; PE anti-FLAG (BioLegend, 1:400), APC anti-FLAG
(BioLegend, 1:200), PE anti-human LT-a (BioLegend, 1:100),
Alexa Fluor 647 anti-pIKKa/fB (Ser176/180) (Cell Signaling,
1:50), PE mouse IgGlx isotype control (BioLegend), APC
mouse IgGlx Isotype control (BioLegend), Alexa Fluor 647
rabbit IgG isotype control (Cell Signaling), and FITC mouse
IgG1x isotype control (eBioscience).

2.5 | Immunoblotting

Cells were lysed in 1% Triton X-100 lysis buffer supplemented
with protease inhibitor cocktail (Roche) right before lysis and
quantified by BCA assay (Pierce). Equal amounts of protein
extract were resolved on SDS-PAGE gels and transferred onto
PVDF membranes. Transferred membranes were incubated
with specific antibodies in 5% non-fat milk in TBS-T (Sigma)
followed by HRP-conjugated secondary antibodies. Images were
developed with ECL reagent (Cytiva Life Sciences) and imaged
on a Bio-Rad ChemiDoc-Touch. The used antibody information
and concentrations were as follows: anti-DYKDDDDK tag
(MA1-91878, Sigma, 1:2000), anti-KSHV K3 (lab generated,
1:5000), anti-KSHV K5 (lab generated, 1:5000), anti-V5 tag
(Thermo Fisher, 1:2000), anti-GST tag (Santa Cruz, 1:2000),
anti-LANA (LNS53, Millipore, 1:1000), anti-f-actin (Santa Cruz,
1:2000), anti-rabbit IgG HRP-linked antibody (Cell Signaling,
1:5000), anti-rat IgG HRP linked antibody (Santa Cruz, 1:5000),
and anti-mouse IgG HRP-linked antibody (Cell Signaling,
1:5000).

2.6 | Co-Immunoprecipitation and GST-Pulldown
HEK?293T cells were transfected with the indicated DNA plasmids
using polyethylenimine transfection (Sigma). Cells were harvested
48 h post-transfection, washed by DPBS pH7.5 (Gibco), and re-
suspended in 1% Triton X-100 lysis buffer containing 50 mM
Tris-HCl pH8.0 (Invitrogen), 150 mM NacCl (Sigma), 1% Triton
X-100 (Sigma), supplemented with a protease inhibitor cocktail
(Roche) right before lysis. After freeze/thaw cycle, whole-cell
lysates (WCLs) were incubated on the shaker at 4C for 1 h and
centrifuged for 10 min at 12 000g. The supernatants were filtered
through a 045um polyethersulfone (PES) filter. For co-
immunoprecipitation, WCL were incubated with Pierce Protein
A/G Agarose (Thermo Fisher) and indicated antibodies at 4°C for
overnight. For GST-pulldown, WCL were incubated with
glutathione-conjugated Sepharose beads (GE) at 4°C for 1h.
Incubated beads were washed five times using 1% Triton X-100
wash buffer containing 50mM Tris-HCl pH8.0 (Invitrogen),
200-400 mM NaCl (Sigma), 1% Triton X-100 (Sigma). Beads were
eluted in 2x Laemmli protein sample buffer (Sigma) by heating at
95°C for 5 min. Samples were centrifuged for 5 min at 12 000g and
subjected to immunoblotting.

2.7 | Flow Cytometry-Based Protein Export Assay
BJAB-LTB-FLAG stable cells were rinsed two times with DPBS
and incubated with excess amount of polyclonal anti-FLAG
antibody (Millipore, 1:10) on ice for 1h to saturate LTS on the
cell surface. Cells were rinsed with cold DPBS twice and incu-
bated at 37°C in a humidified incubator with 5% CO, for 0, 2, 4,
or 6 h. After incubation, cells were immediately chilled on ice
and stained with PE anti-FLAG (BioLegend, 1:200) for 30 min
to label newly exported LTf. Cells were fixed with 4% formal-
dehyde and kept at 4°C until all samples were ready. LTf sur-
face expression levels were measured by a BD FACS Celesta
(BD Biosciences), followed by analysis using FlowJo v10.1
software (Tree Star Inc.).

2.8 | Pulse-Chase Assay

Pulse-Chase assay was performed as described previously [51].
Prior to the pulse, cells were rinsed three times with DPBS,
washed once with starvation media (RPMI without methionine
and cysteine plus 3% dialyzed FBS, 10 mM HEPES [pH 7.4], 1%
L-glutamine) for 15 min, and then incubated with 5mL of the
same medium containing 100 uCi/mL of [**S]methionine and
[**S]cysteine (New England Nuclear, Boston, Massachusetts)
for 10 min. For chase analysis, the labeled cells were chased for
0, 15, 30, 60, and 90 min. For immunoprecipitation, cells were
harvested and lysed with lysis buffer (1% Triton X-100 in TBS)
containing phenylinethylsulfonyl fluoride (PMSF) and iodoa-
cetate (IAA). Immunoprecipitation was performed with a 1:500-
diluted anti-FLAG antibody (Sigma) together with 30 uL of
protein A- and protein G-agarose beads. After binding with
lysates and washing the beads, washed immunoprecipitated
beads were resuspended in 20uL of 50 mM sodium citrate
(pH 5.5)—0.2% sodium dodecyl sulfate, heated for 5min at
95°C, and incubated for 6 h at 37°C with or without endo-£3-N-
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acetylglucosaminidase H (endo H) as indicated in the figure and
figure legend. Relative signal intensity was analyzed using Im-
agel/Fiji.

2.9 | Confocal Microscopy

HelLa cells were seeded on coverslips in 24-well plates and then
transfected with  pLVpuro-LTB-mScarlet-I-T2A-LTa  and
pLVhygro-K3-/K3mZn-miRFP670nano3. ER-selective staining
was performed using the ER-ID green assay kit (Enzo Like
Sciences) following manufacturer's protocol with cells fixed
with 4% paraformaldehyde (Thermo Fisher). After ER-staining
and fixation, coverslips were mounted on glass slides with
Fluoromount-G Mounting Medium (SouthernBiotech). The
images were acquired using an SP8 confocal microscope
(Leica). Images from each channel were processed and analyzed
using ImageJ/Fiji.

2.10 | Coculture Assay

To prepare signal donor cell, BJAB-EV and BJAB-K3 were
activated for 48 h with 50 ng/mL TPA. After activation, the cells
were washed twice and kept in Opti-MEM (Gibco) for 1h on
ice. For measuring LTBR signaling activation, THP-1 cells, as
signal recipient cell, were cocultured with activated BJAB cells
at a 1:1 ratio. After 16 h incubation, cocultured cells were wa-
shed 3 times and harvested for further experiments. To remove
BJAB cells from the coculture mixture, cells were stained with
PE mouse anti-CD19 antibody (BD Biosciences) and CD19-
population was negatively selected using Anti-Mouse IgG Mi-
croBeads (Miltenyi Biotec).

2.11 | Quantitative RT-PCR (qRT-PCR)

Total RNA was extracted using RNeasy Micro kit (Qiagen) and
cDNA was reverse transcribed from 100 ng of total RNA using
iScript Reverse Transcription Supermix (Bio-Rad) according to
the manufacturer's instructions. qPCR was conducted using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad) on a
Bio-Rad CFX96 thermocycler. The qPCR primers used in this
study are shown below; CCL19-F (5-TGCCTGCTGTAG
TGTTCACC-3’), CCL19-R (5-GCAGTCTCTGGATGATGCG
T-3’), CXCL12-F (5-TGCCCTTCAGATTGTAGCC-3’), CXCL
12-R (5-AGTCCTTTTTGGCTGTTGTGC-3"), GAPDH-F (5'-TG
GGCTACACTGAGCACCAG-3’), and GAPDH-R (5-GGGTGT
CGCTGTTGAAGTCA-3").

2.12 | KSHV Virus Preparation and Infection

KSHV WT and AK3 viruses were prepared from BAC16 WT or
AK3 containing iSLK cells as previously described [54, 55].
Briefly, 70% confluent iSLK-BAC16 cells were induced with a
growth medium containing 1 mM sodium butyrate (Sigma) and
1 pg/mL doxycycline (Sigma). Four days later, culture medium
containing virus was harvested and cleared by centrifugation
and filtering by 0.45 um PES filter to remove cells and debris.

Viruses were concentrated by ultracentrifugation for 3h at
24000 rpm in SW32 rotor (Beckman Coulter). Virus pellets
were resuspended in DPBS and stored at —80°C. For de novo
infection of KSHV, when target transfected HEK293T cells
reached 60%-70% confluence, cells were incubated with KSHV
for 4h at 37°C and then the inoculum was removed following
three times of washing with DPBS. The growth medium was
added before being returned to the incubator. After 48 h incu-

bation upon infection, cells were collected for further
experiments.
2.13 | Quantification and Statistical Analysis

All data were analyzed with Prism software (v10.0.2, GraphPad)
using Student's ¢ test. Unless otherwise stated, all experiments
were performed at least two times, and the data were combined
for presentation as mean + SEM. All differences not specifically
indicated as significant were not significant (n.s., p > 0.05).
Significant values were indicated as =*p <0.05; **p <0.01;
=*xp < 0.001; ***+p < 0.0001. Statistical parameters are described
in the Figures and Figure Legends.

3 | Result

3.1 | KSHV K3 and K5 Downregulate Surface
Expression of LTf, Not LIGHT

Given that K3 and K5 interact with the TM domains of various
target surface proteins, we investigated the effect of these viral
proteins on LTBR ligands, LTS and LIGHT. The well-known
target of K3 and K5, HLA-A2, was included as a control to
validate the functionality of these viral proteins. The surface
expression level of LT markedly decreased following the ex-
pression of either K3 or K5, while the surface expression of
LIGHT remained largely unchanged under the same conditions
(Figure 1A). The downregulation effect was mostly abolished in
the K3 mutant (K3mZn) and completely absent in the K5
mutant (K5mZn), both with defective RING-CH E3 ligase
domain. The surface levels of HLA-A2 were effectively down-
regulated by both viral proteins as reported [51].

To further examine the effect of K3 and K5 on target expression,
we examined the expression levels of LT3, LIGHT, and HLA-A2
in WCLs following expression of K3, K5, or their mutants. We
found that neither K3 nor K5 transient expression affected the
total expression levels of LTS, LIGHT and HLA-A2 (Figure 1B).
Interestingly, a lower molecular weight form (LMW, ~29 kDa)
of LTR was observed only in cells expressing K3, but not in
those expressing K3mZn, K5 or K5mZn (Figure 1B). In contrast,
a higher molecular weight form (HMW, ~33kDa) of LTf
remained at comparable levels upon expression of K3, K3mZn,
K5 or K5mZn. Finally, neither the expression levels nor the
molecular weights of LIGHT and HLA-A2 were affected by the
expression of K3, K3mZn, K5 or K5mZn (Figure 1B). These
results indicate that K3 expression induces both a reduction in
the molecular weight and surface expression of LTf in an E3
ligase enzymatic activity-dependent manner. These results
indicate that the K3-mediated reduction in LTS molecular
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FIGURE1 | KSHYV E3 ligases can inhibit surface expression of LT, not LIGHT. (A) The HEK293T cells were co-transfected with wild-type or

mutant KSHV E3 ligase (K3/K3mZn/K5/K5mZn) plasmid containing a copGFP reporter and target (LTB-FLAG, LIGHT-FLAG, FLAG-HLA-A2)
expressing plasmids as indicated at a 1:1 ratio (1 ug each). Forty-eight hours post-transfection, the surface expression levels of the targets were
measured with anti-FLAG antibody from copGFP-positive population. The detailed gating strategy is described in Supporting Information S1:
Figure S1A. Relative mean fluorescence intensity (MFI, %) of targets upon K3s or K5s expression were determined based on MFI of empty vector
(EV). (B) A representative western blot data of cells described in (A). Error bars indicate SEM from triplicates. Statistical significance was calculated
using an unpaired, two-tailed Student's ¢ test. ns, not significant; **p < 0.01; ***p < 0.001; ****p < 0.0001.

weight is strictly dependent on E3 ligase enzymatic activity,
whereas the decrease in surface expression is largely, but not
completely, influenced by this activity.

3.2 | KSHV K3 and K5 Interact With LT
Through Its TM Domain

LTg is a type II TM protein composed of an N-terminal cyto-
plasmic region, a TM, and a C-terminal TNF homology domain
[56, 57]. A previous study demonstrated that direct interaction
through the TM domain of the target is crucial for recognition
by KSHV K3 and K5, and that the juxtamembrane domain of
targets may also play a significant role in these interactions [58].
To investigate the potential interaction of KSHV K3 and K5
with LT, V5-tagged K3 or K5 was co-expressed with FLAG-
tagged LTP for immunoprecipitation. This showed a specific
interaction of K3 or K5 with LTB (Figure 2A). Notably, the
LMW form of LTS showed the efficient interaction with K3.

To further dissect this interaction, we generated GST fusion con-
structs of full-length LTS and various mutants (Figure 2B). GST

pulldown showed that GST fusions containing full-length LTS,
ATNF or AExtracellular mutants efficiently interacted with K3 or
K5 (Figure 2C). In contrast, GST-LT@ Cyto-only mutant showed a
loss of binding to K3 or K5 (Figure 2C). Notably, the GST-LT TM-
only construct retained strong interactions with both K3 and K5
(Figure 2C). These results demonstrate that K3 and K5 interact
with LT via its TM domain.

3.3 | KSHV K3 Alters LTf Glycosylation in an E3
Ligase Activity-Dependent Manner

K3 expression induced both a reduction in the molecular weight
and surface expression of LT( in an E3 ligase enzymatic activity-
dependent manner. Since LTf contains a single N-glycosylation
site (N222) on its extracellular domain [42, 59], we hypothesized
that KSHV K3 reduces LT surface expression by impeding its
glycosylation. To test this hypothesis, LT{3 was co-expressed with
K3 or its mutant variant K3mZn, following treatment with tu-
nicamycin, a competitive inhibitor of N-acetylglucosamine
phosphotransferase [60]. Upon tunicamycin treatment, the
LMW form of LTP was detected, similar to the effect observed
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KSHV E3 ligases directly interact with LTS through its TM. (A) The HEK293T cells were co-transfected with V5-tagged K3 or K5

expressing plasmids and FLAG-tagged LT( expressing plasmids as indicated at a 1:1 ratio (1 ug each). Forty-eight hours post-transfection, the whole-
cell lysates (WCLs) were collected and performed pull-down (PD) assay with A/G beads with indicated antibodies, followed by immunoblotting. (B)
Schematic overview of full-length and truncated mutant constructs for interacting assay with K3 and K5. (C) The HEK293T cells were co-transfected
with V5-tagged K3 or K5 expressing plasmids and GST-tagged LT expressing plasmids as described in (B) at 1:1 ratio (1 ug each). Forty-eight hours
post-transfection, the WCLs were collected and performed PD assay with glutathione-conjugated Sepharose beads, followed by immunoblotting. TM,

transmembrane domain; TNF, tumor necrosis factor domain.

with the expression of WT K3, but not with the K3mZn mutant
(Figure 3A). Notably, while K3 expression reduced the molecular
weight of LT, it had no such effect on HLA-A2, which also
contains an extracellular glycosylation site (Figure 1B). However,
K3 downregulated the surface expression of both LTS and
HLA-A2.

To further test the effect of K3 on LT glycosylation, we used
HEK293S GnTI™ cells, which lack N-acetyl-glucosaminyl
transferase 1 (GnTI) activity in the cis-Golgi, leading to the
lack of complex N-glycans of glycoproteins [61]. In GnTI-
deficient cells, the ratio of the two forms of LTf expression was
similar to that observed in GnTI-intact cells. The HMW form of
LT remained dominant in HEK293S GnTI ™ cells expressing
the empty vector (EV) or the K3mZn mutant, while the LMW
form of LTP was dramatically increased following WT K3 ex-
pression (Figure 3B). Since GnTI activity occurs later than tu-
nicamycin's inhibition of glycosylation, this suggests that K3
disrupts the early stage of LT N-glycosylation, prior to the
GnTI-effective phase. Collectively, these results indicate that
KSHV K3 specifically hinders the early stages of LTf
N-glycosylation in an E3 ligase-dependent manner.

3.4 | Impaired Glycosylation of LT by KSHV K3
Hinders Its Transport to the Plasma Membrane

The glycosylation of surface membrane proteins is a crucial
modification for proper folding, stability, and subcellular traf-
ficking [62]. The N-glycosylation of LTf at the N222 residue on
its extracellular domain is essential for proper trafficking to the
plasma membrane, particularly when forming a heterotrimer
with LTa [57, 63, 64]. Consistently, the glycosylation-defective
mutant N222Q of LTB showed impaired surface expression
(Figure 4A). To assess the impact of K3-mediated inhibition of
LTp glycosylation on its surface trafficking, we conducted flow
cytometry-based protein export assay. Initially, we saturated the
already expressed LTf with an excess amount of anti-FLAG
polyclonal antibody and measured newly exported surface LT
over a 0-6-h period. Compared to the EV-expressing cells, cells
expressing K3 exhibited significantly delayed kinetics of surface
export (Figure 4B). In contrast, K5 expression caused little to no
change in LT surface export (Figure 4C).

To further elucidate the alteration in LT trafficking induced by
K3, we performed pulse-chase radioactive labeling assays using
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KSHV K3 alters LT glycosylation. (A) The HEK293T cells were co-transfected with V5-tagged K3 or K3mZn expressing plasmids

and FLAG-tagged LT expressing plasmids as indicated at a 1:1 ratio (1 pug each). After overnight incubation, DMSO or tunicamycin (1 ug/mL) was
treated for 24 h. Cells were harvested and performed immunoblotting. (B) The HEK293T or HEK293S GnTI™ cells were co-transfected with V5-tagged
K3 or K5 expressing plasmids and FLAG-tagged LTf expressing plasmids as indicated at 1:1 ratio (1 ug each). After 48 h incubation, cells were

harvested and performed immunoblotting. —, empty vector transfected.

[**SImethionine and [**S]cysteine, followed by Endoglycosidase
H (Endo H) treatment to monitor the complex glycosylation
status of newly synthesized protein. In the absence of Endo H
treatment, K3-expressing cells displayed a slower increase in
HMW glycosylated LT{ protein levels compared to vector-
expressing cells, along with a higher proportion of LMW non-
glycosylated protein (Figure 4D,E). Upon Endo H treatment,
LT failed to acquire Endo H resistance in K3-expressing cells,
while vector-expressing cells showed an increase in Endo
H-resistant, glycosylated LT@ over time (Figure 4D,F). Typi-
cally, glycoproteins acquire Endo H resistance after gaining
complex sugar chains in the trans-Golgi network (TGN) [65],
with GnTI enzyme acting at the cis-Golgi on glycan branching
and elongation [61]. These findings suggest that K3 inhibits LT
glycosylation in the early stages, thereby impeding LTf traf-
ficking to the cell surface membrane.

3.5 | LTp Is Sequestered Within the ER by
KSHV K3

N-glycosylation is initiated by oligosaccharyl transferase (OST)
complexes in the ER, which transfer an oligosaccharide from
the substrate to asparagine residues [66]. To test whether KSHV
K3 co-localizes with LTB in the ER, we examined the sub-
cellular localization of LT and K3 in HeLa cells using confocal
microscopy. Since LT is expressed on the cell surface as part of
an LTa,f3, trimer, we co-introduced LTa and LT into the cells
and assessed the localization of LTS with or without K3 ex-
pression. Cells were also stained with an ER-selective dye to
visualize the ER compartment. Co-expression of K3 changed
the intracellular distribution of LT, causing it to become
sequestered in the ER region, whereas without K3, LTS was
scattered throughout the cytoplasm (Figure 5). In contrast, LT
sequestration in ER region was not detected when the K3mZn
mutant was co-expressed (Figure 5). These findings show that
LT and K3 co-localize in the perinuclear region corresponding

to the ER, suggesting that KSHV K3 interacts with LT in the
ER, leading to the inhibition of LT glycosylation and its sur-
face trafficking.

3.6 | The K3-Mediated Downregulation of LT
Surface Expression Suppresses LT, 3,-LTR
Signaling Pathway

Since LTa, 3, is a heterotrimeric protein consisting of a soluble
LTa subunit tethered to the TM protein LT(, the surface-
binding level of LTa reflects the surface expression of LT(3. Both
lymphotoxins are tightly regulated inducible genes and TPA, a
commonly used phorbol ester, acts as a broad-range lymphocyte
activator and can induce surface expression of LTa, 3, in both B
and T cells [57, 67]. To test the effect of K3 on the surface
expression of endogenous LT, we measured the LTa surface-
binding activity on TPA-stimulated BJAB B cells with or with-
out K3 expression. This showed that LTa surface-binding levels
readily increased on TPA-stimulated BJAB-EV cells compared
with the DMSO-treated control cells, whereas K3 expression
markedly reduced LTa surface-binding under the same condi-
tions (Figure 6A).

The activation of nuclear factor-xB (NF-xB) via the
LToy3,-LTPR interaction induces the expression of various
chemokines such as CCL19 (ELC), CCL21 (SLC), CXCL12
(SDF-1a), and CXCL13, which are important for initiating an-
tiviral responses [68, 69]. To test whether K3 expression dis-
rupts LTa,B3,-LTER-mediated signaling pathways, we utilized
TPA-activated BJAB and THP-1 cells, which express the ligand
(LT 3,) and the receptor (LTBR), respectively (Figure 6B). We
measured the phosphorylation levels of activated IxB kinases
(IKKs; IKKa and f), which are key elements of the NF-xB
signaling cascade. The intracellular levels of the phosphorylated
IKKa/B (pIKKoa/B) detectably increased in THP-1 cells co-
cultured with TPA-activated BJAB-EV cells, whereas the
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test. ns, not significant; HMW, high molecular weight; LMW, low molecular weight; **p < 0.01; ***p < 0.001.

induction was significantly diminished in THP-1 co-cultured
with TPA-activated BJAB-K3 (Figure 6C). To further delineate
this signal transduction, we pretreated TPA-activated BJAB
cells with LTBR-Fc soluble protein to block the interaction
between LTa,f3, and LTBR before co-culture. This pretreatment
significantly reduced pIKKea/f induction (Figure 6C), indicating
that the LTa,83,-LTBR interaction significantly induces NF-xB
activation in these conditions.

To further evaluate the downstream signal activity of LTBR, we
isolated THP-1 cells by removing TPA-activated BJAB cells

using mouse anti-CD19 antibody and anti-mouse IgG mi-
crobeads after co-culture, and then measured the transcrip-
tional changes of CCL19 and CXCLI12. The expression of these
chemokines was significantly induced in THP-1 cells co-
cultured with TPA-activated BJAB-EV cells, whereas their
induction was markedly reduced in THP-1 cells co-cultured
with TPA-activated BJAB-K3 cells (Figure 6D). Furthermore,
pretreatment with LTSR-Fc attenuated chemokine induction
(Figure 6D). Collectively, these data demonstrate that K3
downregulates LTf surface expression, impairing LTa,(3,-LTS-
mediated downstream signaling pathways.
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FIGURE 5 |

LTg is sequestered within the ER by KSHV K3. HeLa cells were transfected with K3/K3mZn-miRFP670nano3 expressing plasmids,

and LTB-mScarlet-I-T2A-LTa expressing plasmid, and empty vectors corresponding to each as indicated (total 2 ug). At 18 h post-transfection, cells
were stained with an ER-selective dye following the manufacture's instruction and fixed with 4% PFA. Scale bar = 10 um.

3.7 | K3 Alters the Surface Expression and
Modification Status of LTf During De Novo KSHV
Infection

To examine whether K3-mediated regulation of LT{ occurs under
viral infection conditions, we assessed changes in LTS expression
following de novo KSHYV infection using KSHV BAC16 WT or the
K3-deleted mutant (AK3) virus [54]. We infected HEK293T cells
overexpressing LT with either KSHV BAC16 WT or the AK3 virus
and analyzed LTP surface expression and glycosylation status
(Figure 7). Compared to the mock control, KSHV BAC16 WT
infection led to a significant reduction in LT surface expression,
whereas the AK3 mutant virus showed a markedly reduced ability
to suppress LTR surface expression (Figure 7A). In addition to
changes in surface expression, we observed differences in the gly-
cosylation pattern of LTS. Upon KSHV BAC16 WT infection, a
lower molecular weight form of LT, indicative of unglycosylation,
was detected. This smaller LTS form was not observed under
uninfected conditions (Figure 7B). Notably, unglycosylated LT was
also absent when cells were infected with the AK3 mutant virus
(Figure 7B). These findings are consistent with our previous
observations from overexpression systems (Figure 7B). These find-
ings demonstrate that K3 effectively downregulates LT surface
expression and alters its modification status in the context of viral
infection.

4 | Discussion

The critical role of K3 and K5 in immune evasion through the
downregulation and degradation of various target proteins has

been extensively studied [70]. These regulations facilitate viral
replication and persistence in the infected host cell. In this study,
we identified LT as a new shared target of K3 and K5. Our results
demonstrate that the surface expression of LT, which forms a
membrane-bound heterotrimer with LTa, is downregulated by K3
and K5. An intriguing aspect of our findings is the novel regula-
tory mechanism by which K3 interferes with LTS surface ex-
pression, by disrupting N-glycosylation and ultimately inhibiting
its export trafficking in both ectopic expression of K3 and virus de
novo infection condition.

Throughout our experiments, the expression of LT con-
sistently showed a smaller, immature form when co-expressed
with K3. Further validation revealed this as unglycosylated
form of LT (Figures 1B and 2A). LT has a single glycosylation
residue at N222, which is critical for its trafficking to the plasma
membrane and heterotrimerization with LTa [57, 63, 64]. Due
to this immature glycosylation, LT appeared to be trapped in
ER region and failed to be transported to the plasma membrane
(Figures 4B and 5B). Interestingly, this glycosylation defect is
correlated with the E3 ligase enzymatic function of the RING-
CH domain of K3 (Figure 1A). KSHV K3 and K5 have been
reported to attach ubiquitin moieties to Lys (K), Ser (S), Thr (T),
and/or Cys (C) residues [38-40]. The 30-amino-acid cytoplasmic
region of LTP has only a single serine residue (S10) and no
lysine, threonine or cysteine residues. Interestingly, surface
expression of the LT S10A mutant was still downregulated by
K3 (data not shown). These results indicate that the defects in
glycosylation and surface expression of LTS are dependent on
K3 E3 ligase function, whereas LT itself may not be directly
ubiquitinated by K3.
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The mechanism by which K3 inhibits the glycosylation of LTS
is not entirely understood. Based on the observation that K3
directly interacts with the immature form of LT (Figure 2A), it
is speculated that K3 may interfere with the capacity of the
enzymes involved in LT glycosylation or maturation. A similar
mode of action has been suggested for MARCHS, a human
homolog of the MARCH proteins. Human MARCHS has been
reported to inhibit the glycosylation maturation of Ebola virus
glycoprotein, SARS-CoV-2 spike protein, and influenza A virus
HA protein, trapping them in intracellular compartments
[71-73]. This inhibition by MARCHS is thought to occur
through its binding to both the target proteins and the cellular
proprotein convertase, furin, which plays a role in the matu-
ration of viral proteins. Consequently, MARCHS inhibits the
cleavage and glycosylation maturation of viral proteins by furin,
leading to their retention within the cell [72]. Similarly, it could
be plausible that KSHV K3 interferes with the function of an
unknown protein(s) involved in the maturation and glycosyla-
tion of LT, thereby causing the retention of LTS in intra-
cellular compartments (Figure 5B). Further in-depth research is
needed to identify the specific cellular components responsible
for this regulation.

Our findings indicate that the downregulation of LT surface
expression limits the LTGR signaling pathway mediated by
LTa,3,-LTER interaction. K3 expression in BJAB cells reduced
LTa,f3, surface expression, leading to decreased LTSR down-
stream signaling in THP-1 cells (Figure 6). In various viral
infection models, the LTal1B2-LTRR-IFN axis has been shown
to play a critical role [46, 48, 74, 75]. For example, during
murine cytomegalovirus (MCMYV) infection, LTa;(3,-LTBR sig-
naling indirectly induces IFNf within 8 h by activating mono-
cytes, which are the primary source of IFNf. Mice deficient in
this signaling fail to control MCMV infection, showing nearly
100-fold higher viral loads [46]. Similarly, in lymphocytic
choriomeningitis virus (LCMV) infection, B cell-derived LTa,f3,
is important for type I IFN induction by reorganizing lymphoid
architecture [74, 75]. LTBR signaling deficient mice exhibit
unorganized B-cell follicle structures in lymph nodes and lack
normal splenic marginal zones, resulting in the production of
only about 3% of wild-type levels of type I IFN. The indirect
induction of IFN via LTER signaling involves B cells expressing
LTa,f3,, which activate LTBR on monocytes, creating an
immune environment to induce IFNf production [46, 48, 74].
In this context, KSHV, which establishes a lifelong infection in

10 of 14

Journal of Medical Virology, 2025



A LTB B oo
[ ] Mock N § v
*
20000+ Lwr
%k k
* B ak3
150004 2 ° m oFLAG (LTB)
Cad
— ._z_.
LL - E . & 7
s 10000 oo W GFLAG (LTB)
~ | Lower band high exposure
5000
0 aLANA
- -E aActin

FIGURE 7 |

De novo KSHYV infection regulates LT surface expression and glycosylation. (A) FLAG-tagged LTB-overexpressing HEK293T cells

were infected with KSHV BAC16 WT or AK3 at MOI 1. At 48 hpi, cells were harvested and fixed with 4% PFA. The surface expression level of LT
was measured by using APC anti-FLAG labeling in total cells (mock) or virus-positive cell (GFP+, WT, and AK3). (B) LTf-overexpressing HEK293T
cells were infected with KSHV BAC16 WT or AK3 at MOI 1. At 48 hpi, cells were harvested and performed immunoblotting. Error bars indicate SEM
from two sets of triplicates. Statistical significance was calculated using an unpaired, two-tailed Student's ¢ test. *p < 0.05; ***p < 0.001.

B cells [76, 77], a crucial source of LTa,f3,, may evade the early
IFN-mediated antiviral response by reducing LTf surface ex-
pression on infected B cells. This suppression of LTBR signaling
potentially weakens the IFN response, a well-characterized
immune evasion strategy employed by KSHV during both de
novo infection and reactivation [78, 79].

In addition to antiviral responses by type I IFN induction,
another well-known function of LT, 3,-LTSR interaction is the
maintenance of lymphoid microenvironment [80, 81]. The
LTa,B3,-dependent LTER signaling pathway helps to establish
proper lymphoid organ structures in spleen and lymph nodes,
including germinal center and reticular network formation in
spleen [82-86] and high endothelial venule structure in the
lymph node [87]. In mouse models, the absence of secondary
lymphoid tissues due to defective LTSR signaling leads to
splenomegaly and an increased lymphocyte count in non-
lymphoid tissues. From a pathogenic perspective, KSHV can
cause several conditions that affect the secondary lymphoid
organs, including lymph node XS, MCD, and lymphoma [1-3].
Although K3 and K5 are lytic genes, they have been reported to
be expressed in latently infected B cells independently of the
lytic cycle activation [33]. Based on our results, it is possible that
alterations in LT@R signaling regulated by K3 and K5 may affect
not only IFN-mediated antiviral functions but also further
pathogenic processes by disrupting lymphoid organ homeosta-
sis and normal microenvironment. Despite the potential roles
K3 may play, from viral infection to the structural organization
of immune organs by regulating LT expression, the main
challenge in validating these possibilities is the complexity of
the LTa,f,-LTBR signaling axis. This pathway involves re-
cruiting various cell types to the vicinity of signal-initiating
cells, leading to their activation and contributing to the for-
mation of higher-order immune structures [85]. Ultimately,
these alterations induce type I IFN responses and change the
organ microstructures, however, the induction is primarily
indirect and confirmed only in vivo systems [46, 84]. Therefore,

to better understand the physiological and pathological changes
resulting from the K3-mediated downregulation of LT( ex-
pression, follow-up studies using advanced models such as or-
ganoids or animal models are necessary.

In summary, our study identifies LT as a novel target of the
viral E3 ligase proteins KSHV K3 and K5. We further dem-
onstrate that K3 uniquely interferes with LT@ glycosylation,
inhibiting its trafficking to the plasma membrane. This
downregulation of LT@ surface expression impairs the LTSR
signaling pathway, potentially aiding KSHV in evading early
IFN-mediated antiviral responses and disrupting lymphoid
organ homeostasis. These findings enhance our under-
standing of KSHV's immune evasion strategies and may
inform future therapeutic approaches targeting viral persist-
ence and pathogenesis.
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