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Abstract

Diffuse large B-cell lymphoma (DLBCL), when associated with Epstein—-Barr virus (EBV) in immunocompromised individuals such as AIDS pa-
tients, presents a significant treatment challenge. Lytic induction therapy, which reactivates latent EBV to directly kill tumor cells and sensitize
them to nucleoside analogs that block viral replication and immune clearance, offers promise. However, little is known about EBV reactivation in
DLBCL. Here, we examined four EBV-positive DLBCL cell lines and found variable, cell-line-specific responses to lytic stimuli, with most showing
an abortive response—either before or after genome replication, without virus release. This is in contrast to commonly studied lymphoma cells
in which EBV reactivation typically leads to a full lytic cycle. Mechanistically, we show that the unfolded protein response (UPR), via a splice
variant of the transcription factor XBP1, upregulates TXNIP and NLRP3, activating the inflammasome and removing a barrier to transcription
of the EBV latent-to-lytic switch gene BZLF1. Combining lytic induction with the nucleoside analog ganciclovir enhanced oncolytic cell death.
This study identifies a pivotal link between two danger sensing pathways, the UPR and the inflammasome, in reactivating the virus resident in
DLBCL and suggests that controlled lytic reactivation could provide a basis for EBV-targeted therapies to improve outcomes in this malignancy.
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Introduction alongside chemotherapy with cyclophosphamide, hydroxy-
Diffuse large B-cell lymphoma (DLBCL) is the most preva-  daunorubicin/doxorubicin, oncovin/vincristine, and pred-
lent form of non-Hodgkin lymphoma and is known for  nisone (R-CHOP), nearly 50% of patients either experience

its aggressive nature. Despite the use of advanced therapies  refractory disease or relapse [1]. The presence of Epstein-Barr
that include rituximab or anti-CD20 monoclonal antibody virus (EBV), classified by the WHO as a class I carcinogen,
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further complicates DLBCL prognosis [2, 3]. EBV-positive
DLBCL, not otherwise specified (NOS), accounts for up to
15% of DLBCL cases in non-HIV patients but a significantly
higher 30%-90% in AIDS patients [4-6]. Consequently, pa-
tients with AIDS-related EBV* DLBCL face particularly chal-
lenging outcomes despite improvements in chemotherapy and
antiretroviral therapy [7, 8].

To improve outcomes for DLCBL, novel therapeutic
strategies should target the biology of EBV, a herpesvirus.
One promising approach causes death of EBV* lymphomas
through oncolysis wherein latent EBV in the tumor cell is
forced into the lytic/replicative state. Supporting this strat-
egy, a phase 1b/2 clinical trial shows promise in treating
EBV* lymphomas, including DLBCL resistant to R-CHOP [9].
However, successful application of this approach will require
identifying the specific triggers that reactivate EBV in DLBCL
and understanding the mechanisms of the latent-to-lytic tran-
sition in these tumors.

EBV has been extensively studied in cell lines derived from
explanted Burkitt lymphomas (BL) and lymphoblastoid cell
lines (B lymphocytes transformed in vitro by EBV, aka LCL).
EBV initially infects epithelial and B cells through saliva. In
B lymphocytes, the virus assumes a latent/silent state to per-
sist in over 95% of the human population. Reactivation into
the lytic phase, triggered by as-yet-unclear in vivo factors, oc-
curs in a subset of latently infected B cells. This reactivation
requires the expression of the EBV immediate-early lytic gene
product, ZEBRA, a transcription and replication factor en-
coded by the viral ORF BZLF1, which is not expressed during
latency. The expression of ZEBRA initiates a cascade of events
including transcriptional activation of early lytic genes, many
of which encode components of the viral genome replication
machinery. Early gene expression is followed by replication
of the viral genome, transcription of late lytic genes (that en-
code structural components of the virus) from newly repli-
cated EBV genomes, packaging of new EBV genomes, and the
assembly and release of infectious viral particles. These par-
ticles can then infect new cells within the host or spread to
others [10].

While there is some understanding of the various latency
profiles of EBV in DLBCL and the identity of latency-related
viral oncogene expression, knowledge about the lytic phase is
limited to detection of a few EBV lytic proteins in a small frac-
tion of cells within primary DLBCL [11, 12]. Several impor-
tant questions remain unanswered: Can EBV be experimen-
tally and potentially therapeutically switched into the lytic
phase? Are DLBCL-derived tumor lines responsive to known
lytic triggers? What proportion of cells in DLBCL lines can
support EBV’s transition to the lytic phase? What cellular
mechanisms drive the activation of ZEBRA in DLBCL? Does
the lytic phase in DLBCL cells proceed to completion, includ-
ing viral genome replication, packaging, and the release of
virus particles? Can lytic reactivation effectively kill DLBCL
cells? Answering these questions is essential for developing
strategies to oncolytically target and eliminate EBV-positive
DLBCL.

To answer these questions, it is essential to establish a foun-
dational understanding of the EBV lytic phase in cell lines de-
rived from EBV* DLBCL. We therefore examined four read-
ily available EBV* DLBCL lines: two from HIV-negative in-
dividuals and two from AIDS patients. These cells exhib-
ited minimal to no spontaneous lytic activity under baseline
conditions. However, when exposed to five different lytic cy-

cle triggers—each from a distinct chemical class and known
to act through various pathways—the cells displayed vary-
ing levels of lytic response. Mechanistically, the DLBCL cells
upregulated a cytoplasmic splice variant of XBP1, typically
associated with the unfolded protein response (UPR). The
splice variant, XBP1S, a transcription factor, increased the
abundance of transcripts and proteins of the NLR family
pyrin domain containing protein 3 (NLRP3) and thioredoxin-
interacting protein (TXNIP), leading to inflammasome activa-
tion, which is a key upstream mechanism for EBV lytic reac-
tivation [13, 14]. In effect, two innate immune platforms, the
UPR and the inflammasome, collaborate to initiate EBV lytic
activation in DLBCL cells. Remarkably, while one innate arm,
the inflammasome, is known to remove barriers to reactiva-
tion, the other, the UPR, also provides a positive drive for reac-
tivation via spliced XBP1-mediation transcription of BZLF1.
Of medical interest, once the virus reactivated, the lytic phase
tended to be abortive as the viral genome frequently did not
replicate—but if it did, the DLBCLs demonstrated enhanced
susceptibility to oncolytic killing by the nucleoside analog
ganciclovir.

Materials and methods

Cell lines and chemical agents

EBV-positive VAL and EBV-negative SUDHL6 (kind gifts
from Dr Izidore Lossos, University of Miami) and EBV-
positive Farage (a kind gift from Dr Eric C. Johannsen,
University of Wisconsin) cells were maintained in RPMI
1640 medium supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. EBV-positive IBL-1 and
BCKN-1 cells (kind gifts from Dr Ethel Cesarman, Weill
Cornell Medical College) were maintained in RPMI 1640
medium supplemented with 20% fetal bovine serum and 1%
penicillin/streptomycin. All cell lines were cultured in a 37°C
incubator with 5% CO,.

For chemical treatment, 5 x 10°/ml VAL, Farage and IBL-1,
or 1 x 10°/ml BCKN-1 cells were seeded with fresh medium
and 24 h later, cells were spun down and re-suspended
with fresh medium at 5 x 10°/ml and incubated with 3
mM NaB (303 410, Sigma—-Aldrich), 5 uM AZA (189826,
Sigma—Aldrich), 200 pg/ml AffiniPure™ F(ab’), fragment
goat anti-Human IgG (H + L) (109-006-003, Jackson Im-
munoResearch), 20 ng/ml of 12-O-Tetradecanoylphorbol-13-
Acetate (TPA, 4174, Cell Signaling), 20 ng/ml of transforming
growth factor beta (TGF-3, 11409-BH-010, R&D systems),
NaB + TPA (3 mM + 20 ng/ml) or NaB + TGF-f (3 mM + 20
ng/ml) for 24 or 48 h. To induce UPR/endoplasmic reticu-
lum (ER) stress, cells were pre-incubated with different con-
centrations of tunicamycin (TM; T77685, Sigma—Aldrich) for
2 h followed by induction with 3 mM NaB for another 24 h.
To inhibit ER stress, cells were pre-incubated with different
concentrations of 4u8C (SML0949, Sigma-Aldrich) for 2 h
followed by induction with 3 mM NaB for another 24 h. To
inhibit the NLRP3 inflammasome, VAL cells were treated with
5 uM MCC950 (538120, Sigma-Aldrich) for 6 h followed by
induction with lytic stimuli for another 24 or 48 h.

Immunoblotting and antibodies

Immunoblotting was conducted as described previously [15].
Briefly, cells were lysed using radioimmunoprecipitation
assay (RIPA) buffer and subjected to electrophoresis on



10% sodium dodecyl sulfate-polyacrylamide gels. Following
separation, immunostaining was performed with the specified
antibodies. The following antibodies were used: mouse anti-
ZEBRA BZ1 antibody (generously provided by Paul Farrell,
Imperial College London), mouse anti-B-actin antibody (AC-
15, Sigma-Aldrich), rabbit anti-NLRP3 antibody (19771-1,
Proteintech), rabbit anti-TXNIP antibody (14715, Cell Sig-
naling Technology), rabbit anti-Caspase 1 (Cleaved Asp210)
antibody (PA538099, Thermo Fisher Scientific), rabbit anti-
Caspase 1 antibody (PA587536, Thermo Fisher Scientific),
rabbit anti-XBP1S antibody (24868, Proteintech), horseradish
peroxidase (HRP)-conjugated goat anti-mouse IgG (626520,
Thermo Fisher Scientific), and HRP-conjugated goat anti-
rabbit IgG (31460, Thermo Fisher Scientific).

Flow cytometry

To measure the frequency of lytic cells, lytic trigger-exposed
cells were stained as previously described [16]. Briefly, 24 or
48 h after exposure to inducers, the cells were fixed and per-
meabilized following an established protocol. Cells were then
incubated with mouse anti-ZEBRA BZ1 antibody or mouse
IgG (557273, BD Biosciences) as isotype control followed by
incubation with goat anti-mouse conjugated to FITC (F0257,
Sigma). Gates were drawn by comparing to cells stained with
the isotype control antibody.

small interfering RNAs (siRNAs) and transfection

Transfection was performed as described previously [17].
Briefly, cells were maintained in fresh medium for 24 h. Then,
one million cells were transfected with 200 pmol siRNA in
transfection solution (MIR50117, Mirus) using an Amaxa
Nucleofector 1I and the O-006 program. siRNAs used in
this study included those targeting NLRP3 (#1, s41554; #2,
s41555, Thermo Fisher Scientific), TXNIP (#1, s20878; #2,
s20879, Thermo Fisher Scientific), XBP1(#1, 5356; #2, 5533,
Thermo Fisher Scientific). For XBP1S overexpression, 20 ug of
pCMVS5-Flag-XBP1s (63680, Addgene) [18] were transfected

into one million cells.

Quantitative reverse transcriptase polymerase
chain reaction

Quantitative reverse transcriptase polymerase chain reac-
tion (RT-qPCR) was carried out as previously described
[17]. Briefly, cDNA was synthesized using 1 pg of RNA
and MuLV Reverse Transcriptase (M0253L, New Eng-
land Biolabs). Quantitative PCR (qPCR) data were an-
alyzed by normalizing to 18S rRNA using the AACT
method. The primers used for RT-qPCR analysis are as
follows. 5’GTAACCCGTTGAACCCCATT3’  (forward)
and 5’CCATCCAATCGGTAGTAGCG3’ (reverse) for 18S
rRNA; 5GACCCATACCAGGTGCCTTTTG3’ (forward)
and 5'GCACACAAGGCAAAGGAGCTTG3’ (reverse) for
BZLF1; 5CGGTTTGAGCACCCTCATCT3’ (forward) and
5'GGCAAACGTGTAGGAGGTCA3’ (reverse) for BGLF4;
5" TGCACACCGTGGTGTTCCAG3’ (forward) and §
GGCTCACCTCCCGACAGTGS3’ (reverse) for NLRP3;
5" AGTTCGGCTTTGAGCTTCCTC3’ (forward) and 5
TTGAGTTGGCTGGCTCGGG3’> (reverse) for TXNIP;
5" CGTTCCGGAGCTGGGTATCTC3’ (forward) and
5'CACCAAGCAGAGAGGACATGTS3’ (reverse) for XBP1.
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gPCR to quantitate EBV load

Cell-associated EBV DNA was extracted as described earlier
[19], and relative viral DNA levels were quantified through
qPCR by targeting the EBV BALFS gene. To measure the rel-
ative amount of released EBV particles, equal volumes of cul-
ture supernatants were treated with DNase, and then qPCR
was performed using primers specific to the EBV BALFS
gene. The primers used to amplify EBV BALFS gene are as
follows. 5’CGTCTCATTCCCAAGTGTTTC3’ (forward) and
S'GCCCTTTCCATCCTCGTC3 (reverse).

Cell proliferation assay

Proliferation assays were performed as described previously
[15]. Briefly, 2 x 10° VAL, IBL-1 and SUDHL6 DLBCLs
were seeded in 24-well cell culture plates containing the in-
dicated EBV lytic inducers with or without 40 pM ganci-
clovir (GCV). DMSO or GCV alone was set as control. Cells
were spun down and resuspended in fresh medium contain-
ing GCV every 48 h. After 168 h (VAL and SUDHLG6) or
96 h (IBL-1), cells were collected and subjected to propid-
ium iodide (PI) (Sigma-Aldrich #P4864) staining and ana-
lyzed by flow cytometry to determine the numbers of live
cells.

Statistical analysis

Student’s #-test was used to assess statistical significance when
performing pair-wise comparisons. Results are expressed as
the mean =+ standard error of the mean (SEM) for replicate
experiments as indicated. P-values were calculated using Mi-
crosoft Excel or GraphPad Prism35. The degree of significance
was indicated as *P < 0.05; **P < 0.01; ***P < 0.001.

Results

EBV* DLBCLs display variable responsiveness to
agents that induce the EBV lytic cycle

Forcing EBV’s transition into the lytic phase is a strategy to di-
rectly lyse tumor cells producing virus particles, abort progress
of the lytic phase by ensuring incorporation of toxic nucleo-
side analogs into the viral genome, and activate the immune
response to clear tumor cells. Common lytic phase induc-
ers include sodium butyrate (NaB) and azacytidine (AZA),
both acting as epigenetic modifiers that trigger lytic gene ex-
pression [20]. TPA, a phorbol ester, triggers protein kinase C
(PKC) to initiate the lytic cycle [21], TGF-B utilizes AP-1 and
Smad proteins to facilitate EBV reactivation [22, 23], and IgG
can mimic immune triggers of lytic reactivation [24]. Further-
more, combination treatments with NaB plus TPA or TGF-
B have shown enhanced reactivation by utilizing synergistic
mechanisms [20].

To investigate response to lytic triggers, VAL, IBL-1, Farage,
and BCKN-1 DLBCL cells were exposed to lytic cycle induc-
ing agents NaB, AZA, IgG, TGF-3, and combinations for dif-
ferent durations. Flow cytometric analysis of ZEBRA* cells
revealed variable induction of the EBV lytic phase across dif-
ferent cell lines (Figs 1A, 2A, 3A, and 4A). In VAL cells, we ob-
served some spontaneous lytic reactivation with 2.9% unin-
duced cells expressing ZEBRA at baseline. Exposure to all
lytic triggers reactivated EBV although the combination treat-
ments NaB + TPA and NaB + TGF- showed the highest
induction, with ZEBRA* cells reaching 27.9% and 27.7%,
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Figure 1. VAL DLBCL supports spontaneous EBV lytic reactivation, with EBV differentially responsive to known lytic triggers, and completing the lytic
cycle in response to sodium butyrate plus TGF-[3. (A, B) VAL cells were exposed to several lytic stimuli for 24 h, followed by collection and analysis for
ZEBRA" cells using flow cytometry (A) or immunoblotting with the indicated antibodies (B). (C, D) After 48 h of treatment with the specified reagents,
VAL cells were collected for gPCR analysis to detect cell-associated viral genomes by amplifying the BALF5 gene (C) or for quantification of released
viral genomes after DNase treatment (D). These experiments were performed twice; representative results are shown. Error bars, SEM of three

technical repeats; *P < 0.05; **P < 0.01; ***P < 0.001.

respectively (Fig. 1A). While exposure to IgG demonstrated a
stronger response by immunoblotting, responses to the other
agents were comparable to those observed by flow cytome-
try (Fig. 1B). IgG treatment was particularly effective in IBL-
1 cells, yielding up to 37.4% ZEBRA* cells (Fig. 2A), while
the other treatments, alone or in combination, did not reac-
tivate EBV (Fig. 2B). In Farage cells, NaB was most effective
followed by AZA (14% and 8.4%, respectively). Drug com-
binations with NaB did not demonstrate greater reactivation
by flow cytometry and detection of ZEBRA by immunoblot-
ting was minimal (Fig. 3A and B). In BCKN-1 cells, IgG treat-
ment triggered a pronounced EBV reactivation, demonstrat-
ing 36.8% ZEBRA* cells. In comparison, NaB or TPA induced
a modest reactivation (4.7% and 4% ZEBRA* cells, respec-
tively), while other treatments, including AZA and TGF-B,
produced minimal effects (Fig. 4A). Inmunoblot results gen-
erally aligned with flow cytometry, showing marked ZEBRA
expression with IgG or NaB + TPA, indicating that combined
treatment is particularly effective in activating the lytic cycle
in BCKN-1 cells (Fig. 4B); that said, while NaB and TPA each
triggered ~4 % lytic cells, immunoblotting only demonstrated
ZEBRA expression in response to NaB + TPA. Notably, unlike
VAL cells, the other DLBCLs were tightly latent at baseline
(Fig. 1A versus Figs 2A, 3A, and 4A).

The lytic phase is frequently abortive in DLBCL cells

To assay progress of the lytic phase following exposure to lytic
triggers in VAL cells, we measured intracellular viral genomes
using qPCR and found that all lytic triggers and combinations
except NaB increased EBV genome copy numbers (Fig. 1C).
In contrast, only NaB + TGF-B caused a significant increase
in encapsidated viral genomes released into the supernatant,
and, while NaB + TPA showed a similar trend, the increase
was not significant (Fig. 1D). In the case of IBL-1, aligned with
reactivation results shown in Fig. 2A and B, intracellular vi-
ral genomes increased only in the IgG treated group (Fig. 2C);
this increase resulted in the release of encapsidated virus in the
supernatant (Fig. 2D). Because the other lytic stimuli did not
trigger viral genome replication, we did not examine the super-
natants for released virus. Thus, the IBL-1 DLBCL is tightly
latent but EBV reactivates in response to IgG crosslinking and
completes the lytic cycle.

In Farage cells, AZA induction uniquely led to an increase in
intracellular viral genomes without a corresponding rise in ex-
tracellular encapsidated viral load (Fig. 3C, D). This suggests
that while AZA effectively stimulates EBV genome replication
within the cells, it does not support the subsequent stages of
the viral life cycle that lead to the release of infectious par-
ticles. On the other hand, the block in lytic phase progres-
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Figure 2. IBL-1 DLBCL is tightly latent but responds to IgG crosslinking by reactivating EBV and completing the Iytic cycle. (A, B) IBL-1 cells were treated
with the indicated reagents for 24 h to induce the EBV lytic cycle, then collected for analysis of ZEBRA* cells via flow cytometry (A) or immunostaining
with the specified antibodies (B). (C, D) Following a 48-h treatment with the indicated reagents, IBL-1 cells were harvested for gPCR analysis of
cell-associated viral genomes by amplifying the BALF5 gene (C) or to measure released viral genomes after DNase treatment (D). These experiments
were performed twice; representative results are shown. Error bars, SEM of three technical repeats; **P < 0.01; ***P < 0.001.

sion appears to be further upstream for NaB and NaB + TGF-
B as ZEBRA expression was not followed by viral genome
replication. In BCKN-1 cells, while TPA and NaB + TPA trig-
gered viral genome replication (though not proportional to the
amount ZEBRA in Fig. 4A and B), surprisingly, IgG did not
despite robust reactivation noted in Fig. 4A and B (Fig. 4C).
The other surprise was the very modest though significant in-
crease in genome replication in response to AZA without a
substantial increase in ZEBRA* cells in Fig. 4A (Fig. 4C). Fur-
thermore, none of the lytic stimuli that triggered viral genome
replication in BCKN-1 cells drove the lytic phase to comple-
tion (Fig. 4D).

Overall, these experiments indicate that while known lytic
stimuli variably trigger EBV reactivation in DLBCLs, progress
of the lytic phase is frequently blocked early, i.e. upstream of
viral genome replication (for example, in response to NaB in
VAL, Farage, and BCKN-1 cells) or late, i.e. downstream of
genome replication. Only VAL and IBL-1 cells were able to
complete the lytic cycle in response to NaB + TGF-f and IgG,
respectively.

Lytic triggers upregulate NLRP3 to activate the
NLRP3 inflammasome in DLBCL

EBV in latently infected LCL and BL cell lines uses the in-
flammasome as a security system to alert itself of threats to
its home, the B cell. The NLRP3 inflammasome is an in-
tracellular sensor that responds to various stress signals, in-
cluding reactive oxygen species, lysosomal damage, and elec-
trolyte changes [25, 26]. As a crucial component of the in-
nate immune system, NLRP3 promotes the release of pro-
inflammatory cytokines and can even trigger cell death [27].

In EBV* BL and LCL, the NLRP3 inflammasome initiates
EBV’s transition from latency to the lytic phase by forming a
complex with the thioredoxin interacting protein TXNIP un-
der specific stress conditions, activating caspase-1, which in
turn leads to the partial degradation of the heterochromatin-
inducing protein KAP1 [13, 14]. This degradation removes
KAP1-mediated transcriptional repression of the BZLF1 (ZE-
BRA) gene, the EBV replication switch, thus driving the virus
into the lytic phase. To investigate if the NLRP3 inflamma-
some also facilitates EBV lytic reactivation in DLBCL lines,
we exposed DLBCLs to NaB (VAL and Farage) or NaB + TPA
(BCKN-1) for 24 or 48 h and examined transcript levels
of NLRP3. We observed a significant elevation of NLRP3
mRNA after exposure to lytic triggers, suggesting that NLRP3
is indeed upregulated during lytic reactivation (Fig. 5A), con-
sistent with previous findings in BL cells and LCL. We also
observed elevated levels of NLRP3 and TXNIP proteins fol-
lowing exposure of Farage cells to NaB and AZA and BCKN-
1 cells to AZA and IgG (Fig. 5B). In addition, compared to
control siRNA, knockdown of NLRP3 blocked the cleavage
of caspase-1 in VAL (Fig. 5C), Farage (Fig. 5D), and BCKN-
1 (Fig. 5E) cells, further supporting that the NLRP3 inflam-
masome is activated during EBV lytic reactivation in DLBCL
cells.

Lytic triggers elevate TXNIP expression leading to
inflammasome activation in DLBCL

The role of TXNIP in reactivating EBV has significant impli-
cations, as the lytic phase is essential for viral propagation
and contributes to oncogenesis [28]. Furthermore, TXNIP’s
involvement in glucose metabolism links it to metabolic con-
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Figure 3. Farage DLBCL is tightly latent but responds to several lytic triggers resulting in an abortive lytic phase. Farage cells were treated with different
reagents for 48 h to induce EBV reactivation followed by flow cytometric analysis for ZEBRA* cells (A), immunostaining with the indicated antibodies (B),
and gPCR analysis of the EBV BALF5 gene for cell-associated viral genomes (C) and DNase resistant viral genomes in the supernatant (D). These
experiments were performed twice; representative results are shown. Error bars, SEM of three technical repeats; ***P < 0.001.

ditions, such as diabetes, which are known to activate the
NLRP3 inflammasome [29-31]. Thus, TXNIP serves as a crit-
ical mediator in EBV biology by translating metabolic stress
signals into inflammasome activation and viral reactivation.
Relevant to this and the increased levels of NLRP3 that we ob-
served, we also detected increased TXNIP transcripts in VAL,
Farage and BCKN-1 cells after exposure to different lytic stim-
uli (Fig. 6A). As shown in Fig. 5B, TXNIP protein was also el-
evated in Farage and BCKN-1 cells after exposure to lytic trig-
gers. In addition, depletion of TXNIP also led to a reduction
in cleaved caspase-1 levels in five of six experimental samples
across three DLBCL lines (Fig. 6B-D), highlighting TXNIP’s
pivotal role in activating the inflammasome in these cell types.
Thus, the TXNIP-NLRP3 inflammasome is activated in re-
sponse to lytic stimuli in EBV* DLBCLs.

The danger sensing NLRP3 inflammasome
activates the EBV lytic cycle in DLBCL

We next addressed if the danger-sensing TXNIP-NLRP3 in-
flammasome was involved in activating the EBV lytic cycle in
DLBCLs. Immunoblotting results demonstrated a marked re-
duction in ZEBRA expression upon NLRP3 or TXNIP knock-
down in Farage (Fig. 7A) and VAL (Fig. 7B and C) DLBCLs
following lytic induction with NaB (left panels) or AZA (right
panels); NLRP3 and TXNIP knockdown were demonstrated
in Figs 5B and C, and 6B. MCC950 is a potent and spe-
cific inhibitor of the NLRP3 inflammasome that targets the

Walker B motif in the NACHT domain of NLRP3, blocking
ATP hydrolysis and preventing inflammasome activation [32,
33]. Following treatment with MCC950 and AZA, we ob-
served reduced levels of BZLF1 transcripts (Fig. 7D) and ZE-
BRA protein (Fig. 7E) compared to cells induced with AZA
alone. Moreover, inhibiting the NLRP3 inflammasome with
MCC950 led to a decrease in EBV genome copies (Fig. 7F).
Taken together, these findings demonstrate the essential role
of the danger sensing TXNIP-NLRP3 inflammasome in EBV
lytic activation in DLBCL cells.

The danger sensing UPR activates NLRP3
inflammasome components to reactivate EBV in
DLBCL

XBP1, a key transcription factor activated by the UPR, has
been reported to reactivate EBV in epithelial cells and LCL
[34]. The UPR inducing agent Bortezomib has also been
shown to activate the EBV lytic cycle in BL cells [35]. Since
the UPR/ER stress, like the inflammasome, senses danger, we
assessed the influence of UPR and the XBP1 pathway on EBV
reactivation in VAL cells. Tunicamycin, an ER stress inducer
[36], was used together with 4u8C, an ER stress inhibitor [37,
38], followed by NaB treatment to stimulate EBV lytic cycle
activation. Flow cytometry analysis demonstrated that Tuni-
camycin increased the percentage of ZEBRA* cells, indicating
enhanced EBV lytic reactivation, while 4u8C reduced the fre-
quency of ZEBRA* cells (Fig. 8A and B). We also found that
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following exposure to lytic stimuli, the abundance of XBP1S
increased rapidly, i.e. by 3 h, and preceded the expression of
ZEBRA, around 9-12 h (Fig. 8C). The upregulation of XBP1S
was accompanied by a parallel increase in NLRP3 protein by
6 to 9 h (Fig. 8C). These results indicate that ER stress, via
XBP1 activity, may promote EBV reactivation in DLBCL. To
examine the role of XBP1, we performed knockdown exper-
iments, targeting the coding region (siXBP1 #1) or 3' UTR
(siXBP1 #2) of the XBP1 gene. RT-qPCR analysis showed
a reduction in both NLRP3 and TXNIP transcripts upon
XBP1 knockdown (Fig. 8D), implicating XBP1 in the regu-
lation of these inflammasome-associated genes. Additionally,
immunoblot analysis revealed that NLRP3 and ZEBRA ex-
pression decreased when XBP1 was knocked down (Fig. 8E).
These findings indicate that ER stress and XBP1 may facili-
tate EBV activation in DLBCL by upregulating NLRP3 and
TXNIP.

To confirm the specific role of XBP1 in EBV reactivation, we
performed a rescue experiment by reintroducing the spliced
form of XBP1 (XBP1S) in XBP1 knockdown cells. RT-qPCR
analysis confirmed knockdown and rescued levels of XBP1 in
VAL cells before induction by NaB (Fig. 8F, left panel). Over-
expression of XBP1S resulted in a 2-fold increase in BZLF1
transcripts, whereas depleting XBP1 did not affect BZLF1
transcript levels in cells without lytic induction (Fig. 8F, right
panel). Following NaB exposure, XBP1S overexpression in the

setting of XBP1 depletion increased the frequency of ZEBRA*
cells from 7.2% to 11.6%, i.e. by 60%, restoring the EBV re-
activation rate to almost the baseline level of 12.6%; further-
more, overexpression of XBP1S nearly doubled the frequency
of ZEBRA* cells from 12.6% to 23.3% (Fig. 8G and H). This
rescue effect underscores the role of XBP1S in enhancing EBV
reactivation through its regulatory influence on ZEBRA ex-
pression, supporting our hypothesis that XBP1S, potentially
via NLRP3 and TXNIP, is integral to the ER stress-mediated
pathway facilitating EBV lytic activation.

EBV lytic cycle inducers in combination with the
nucleoside analog ganciclovir enhance cell killing
of EBV* DLBCL

To analyze the effects of different treatments on cell viabil-
ity, we treated VAL and the EBV™ DLBCL line SUDHL6 with
AZA, AZA plus ganciclovir (GCV), or GCV alone, and used
DMSO (uninduced) as a control. IBL-1 cells were treated with
DMSO (uninduced), GCV, IgG, and IgG + GCV, followed by
flow cytometry to count live and dead cells. In both EBV* cell
lines, an important consideration was whether the selected
lytic trigger resulted in the progress of the lytic phase be-
yond expression of ZEBRA. As shown earlier, AZA and IgG
caused increased viral genome replication in VAL and IBL-1
cells, respectively (Figs 1C and 2C), assuring us of early gene
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(including BGLF4) expression which is known to be kineti-
cally and functionally upstream of viral genome replication.
BGLF4 encodes the key viral protein kinase necessary for
GCV activation. In all three cell types, GCV treatment alone
did not significantly alter the number of live cells compared
to solvent treated cells (Fig. 9A-F). However, while treatment
with a lytic inducing agent for a week caused cell death in
both VAL and SUDHLSG, the level of significance was greater
for the EBV* line VAL compared to the EBV— line SUDHL6
(P < 0.001 versus P < 0.05; Fig. 9A and C). Furthermore, en-
hanced cell death was only observed when GCV was added
to the two EBV* DLBCL lines (Fig. 9A, B, D, and E) com-
pared to the EBV~ line SUDHL6 (Fig. 9C and F) implicat-
ing the presence of EBV in enhanced cell killing. To further
validate the mechanism underlying enhanced cell death upon
GCV treatment, we quantified BGLF4 expression. Following
exposure to lytic triggers, BGLF4 transcript levels were sig-
nificantly upregulated in VAL, Farage, IBL-1, and BCKN-1
cells (Fig. 9G). This indicates that lytic reactivation in DLB-
CLs promotes sufficient BGLF4 expression, thereby enabling
GCV to exert enhanced cytotoxic effects. These results sup-
port oncolytic killing by incorporation of a toxic nucleoside
analog in DLBCL cells supporting the EBV lytic phase.
Taken together, our findings highlight the complex and vari-
able responses of EBV* DLBCL cells to different lytic inducers,

with the UPR and the NLRP3 inflammasome pathways inter-
secting to influence reactivation outcomes across cell lines.

Discussion

This study provides a foundational understanding of the EBV
lytic phase in DLBCLs, including the stimuli that trigger the
Iytic cycle, the characteristics of the lytic phase induced by
these stimuli, and some of the underlying mechanisms driving
the response. At baseline, EBV remains tightly latent in three
of the four cell lines, similar to most lymphoblastoid cell lines.
While all the lines respond to lytic stimuli to varying extents,
the majority of cases result in an abortive lytic phase. Notably,
exceptions where the lytic cycle progresses to the release of en-
capsidated viral particles include the response of VAL cells to
NaB plus TGF-p and that of IBL-1 cells to IgG. These dif-
ferences highlight the complex regulation of EBV reactivation
in different EBV* DLBCLs and suggest that cell line/tumor-
specific factors influence the outcome.

Mechanistically, linking the activation of two innate
danger-sensing pathways enables a two-pronged approach for
inducing BZLF1 expression. XBP1S promotes transcription
of NLRP3 components, leading to inflammasome activation,
which in turn removes silencing factors from the BZLF1 pro-
moter; simultaneously, XBP1 directly activates the BZLF1
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Figure 8. The danger sensing UPR activates NLRP3 inflammasome components and the EBV lytic cycle in DLBCL. (A and B) VAL cells were
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analyzed for ZEBRA expression by flow cytometry (A). Aggregate data from biological triplicates of the experiment in A are presented in B. (C) VAL cells
were exposed to NaB + TPA for different lengths of time and collected for immunoblotting. (D, E) VAL cells were transfected with control siRNA (siCtrl)
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promoter, thereby suppressing pro-latent forces and exerting
pro-lytic forces at the same time. This coordinated dual ap-
proach likely serves as a safety mechanism to regulate the
magnitude of the lytic response, promoting viral persistence.
This argument is supported by (i) the finding that DLBCLs
are tightly latent and (ii) knockdown of either of these in-
nate pathways markedly reduces lytic reactivation. While both
pathways can be activated by damage and pathogen associ-
ated molecular patterns, connecting the two pathways, XBP1S
was found to enhance the activity of the NLRP3 promoter in
a reporter assay; furthermore, studies in mice have shown that
tissue injury links XBP1S to the transcriptional activation of
NLRP3 [39, 40]. As for TXNIP, while XBP1S may transcrip-
tionally activate TXNIP, the UPR may contribute to TXNIP
abundance by other means. XBP1 is activated to the transcrip-
tion factor XBP1S via splicing in part mediated by the ER
stress response/UPR regulatory protein and endoribonuclease
IRE1w. IRE1x activation results in degradation of transcripts.
Of relevance to our findings, miRNA degradation caused by
IRE1a has been linked to loss of the miR17 and de-repression
of TXNIP translation [41].

Reactivation of EBV in BL cells and LCL typically leads to
a full lytic cycle [14, 20, 42-44]. Therefore, the predominantly
abortive response observed in DLBCL cells to most lytic trig-
gers is unexpected. Our observations revealed that the lytic
cycle in DLBCLs can be aborted either early—prior to viral
genome replication—or late—after genome replication, with-
out subsequent virus release. The reasons behind this abortive
lytic cycle in DLBCL remain unclear, although several poten-
tial factors may contribute. One possibility is that certain lytic
stimuli are particularly toxic to DLBCLs; for instance, NaB, an
HDAC inhibitor commonly used as a single agent to reactivate
EBV in other EBV-positive lymphoma cells, failed to trigger a
complete lytic cycle in all DLBCL lines tested. Another po-
tential factor is the limited extent of viral genome replication,
which was only 3-5-fold over baseline (Figs 1-4), potentially
restricting packaging and release of virions. A third possibility
is a low number of viral episomes per cell, which could hinder
robust genome replication—this contrasts with the >25-fold
replication observed in BL cells [45]. Nonetheless, as long as
the lytic cycle is aborted at the late stage, DLBCLs may still be
vulnerable to enhanced toxicity from ganciclovir. Indeed, we
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observed increased cell death in VAL cells exposed to ganci-
clovir, even when a late abortive lytic phase was triggered by
AZA.

Our experiments explored two contrasting therapeutic
strategies. The first, an antiviral approach, involved the use
of MCC950 to inhibit EBV reactivation. MCC950 works by
blocking the activation of the NLRP3 inflammasome, specifi-
cally inhibiting its ATP hydrolysis activity [32, 33]. As a small
molecule, MCC950 has shown promise in preclinical models
of inflammatory, autoimmune, cardiovascular, and metabolic
diseases [46]. Although MCC950 did not progress beyond a
Phase I safety trial, several other NLRP3 inhibitors have ad-
vanced to Phase II and II trials [47]. By preventing or limit-
ing EBV-induced B cell transformation, this antiviral strategy
could benefit immunosuppressed individuals at high risk for
developing EBV-related cancers. The second approach is an
oncolytic strategy, which aims to activate the EBV lytic cy-
cle in tumor cells to induce virus-driven cell death. As men-
tioned previously, EBV lytic cycle in DLBCL cells is typically
abortive, with rare virion release into the extracellular envi-
ronment. This incomplete reactivation may offer clinical ad-
vantages by minimizing the risk of widespread EBV dissem-
ination while still triggering cell death pathways. Controlled
lytic reactivation could also enhance tumor cell susceptibil-
ity to immune-mediated clearance and antiviral therapies like
ganciclovir, which specifically targets cells undergoing lytic

replication [9, 48, 49]. Ganciclovir, a widely used prodrug,
targets actively replicating genomes. Upon entry into EBV-
infected cells, ganciclovir is phosphorylated by a viral kinase
expressed only during the lytic phase, converting it into an
active form that incorporates into replicating viral DNA, ulti-
mately causing toxicity to the infected cancer cells [50].

While clinically available drugs that target the UPR and
the NLRP3 inflammasome are not yet readily available, our
study highlights the importance of efforts to develop such
agents. Integrating EBV lytic induction therapy into current
treatment strategies for EBV* DLBCL could significantly in-
crease tumor sensitivity to agents like ganciclovir, offering a
more targeted approach for managing this aggressive malig-
nancy. Understanding the disparate responses to lytic triggers
and the mechanisms driving EBV lytic reactivation in DLBCL
will facilitate the development of novel inducers and inhibitors
with enhanced specificity for EBV* DLBCL, and potentially
different DLBCL subtypes, ultimately broadening treatment
options for EBV-associated cancers.
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