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1 | INTRODUCTION

Hodgkin lymphoma (HL) is characterized by the presence of a spec-
trum of neoplastic cells, including mononuclear Hodgkin (H) cells
and classic multinucleated Reed-Sternberg (RS) cells.! These cells
are derived from germinal center B cells with defective surface B-
cell receptors, crippled immunoglobulin transcripts, and lost B-cell
programs due to epigenetic silencing.>® Epstein-Barr virus (EBV)
may play a role in HL tumorigenesis.4 Accumulation of viral proteins
in endoplasmic reticulum (ER) causes stress responses and leads to
either apoptosis or survival depending on driving signals.s'6 We have
previously found that survival signals of ER stress response are ex-
pressed over ER death signals in a dominant fashion in all histological
subtypes of HL with a similar level in both EBV-positive and EBV-
negative cases.” Given that HL cells dominantly express survival
signals of ER stress response, and autophagy occurs in response to
ER stress and ER protein aggregates, it would be interesting to de-
cipher the role of EBV or latent membrane protein-1 (LMP1) in the
HL-associated autophagy.

Autophagy is a bulk degradation process involved in the clear-
ance of long-lived proteins and organelles.8 It is initiated in response
to ER stress through the ER-activated autophagy (ERAA) path-
way, which activates a partial unfolded protein response involving
PERK and/or IRE1, and a calcium-mediated signaling cascade.” The
formation and turnover of the autophagosomes are regulated by
autophagy-related genes (ATGs) and divided into distinct stages.*°
The function of autophagy is multifaceted and complex; it involves a
wide range of physiological processes and diseases in humans.*! The
role of autophagy in cancer is also complex and highly controversial,
and is linked with both tumor suppression and promotion of cancer.
As a homeostatic housekeeper, autophagy is capable of preventing
accumulation of toxins or carcinogens, triggering autophagic cell
death and apoptosis for damaged cells, and inhibiting inflammation
and cell proliferation, thus autophagy can function as a tumor sup-
pressor.812* On the other hand, autophagy can support cell sur-
vival in circumstances of hypoxia and nutrient starvation, augment
resistance to apoptosis, and assist tumor survival 8131516

We reasoned that LMP1 transfection or EBV infection may reg-
ulate autophagy expression in HL cells. Here, by using in vivo and in
vitro models with HL cell lines we get novel findings that EBV-LMP1
transfection in HL cells induced a modest increase in autophagy
signals, attenuated starvation-induced autophagic stress, and allevi-
ated autophagy inhibition- or doxorubicin-induced cell death. LMP1
knockdown led to decreased autophagy LC3 signals. In vivo EBV

Autophagic inhibition may be a potential therapeutic strategy for treating patients

with HL, especially EBV-positive cases.

autophagy, chloroquine, Epstein-Barr virus, Hodgkin lymphoma, latent membrane protein-1,

infection significantly increased autophagy LC3 expression in HL
xenografts. Although LC3 expression was uncommon in clinical HL
samples and unassociated with EBV status or clinical outcome, auto-
phagic blockade effectively eradicated LMP1-positive HL xenografts
with better efficacy than their LMP1-negative HL counterparts.

2 | MATERIALS AND METHODS
2.1 | HL celllines and lymphoblastoid cell lines

The EBV-negative HL cell lines L428 and KM-H2 (DSMZ) were
grown in RPMI-1640 medium supplemented with 10% fetal bovine
serum (HyClone). The vector expressing B95.8 EBV-derived LMP1,
pEGFP-LMP1 (N-terminally GFP-tagged LMP1), and its control vec-
tor, pEGFP-C3, were generated by ligation of PCR-amplified DNA
fragments to Hindlll/BamHI-treated pEGFP-C3.}”! The LMP1 ex-
pression construct was transfected by an electroporation machine
Microporator (Digital Bio Technology Co., Ltd) with 2 pg of DNA
at 1100 V for 30 mS.”*® Transfection efficiency was determined
by flow cytometric immunophenotypic analysis (FACSCalibur with
CellQuest software; Becton Dickinson). The EBV-infected HL cell
line KM-H2-EBV was generated by in vitro infection with recombi-
nant Akata EBV and selected following G418 treatment, as described
previously.’? L428 and KM-H2 cells have been shown to be repre-
sentative of HL cells.?° Expression of LMP1 and EBER was detected
by immunoblotting and in situ hybridization, respectively. Stable cell
lines (L428-LMP1, KM-H2-EBV) were cultured in RPMI-1640, sup-
plemented with 10% fetal bovine serum (FBS) with puromycin di-
hydrochloride (Thermo-Fisher Scientific, A1113803). For unknown
reasons, we cannot successfully create L428-EBV or KM-H2-LMP1
stable cell lines. The authentication of cell lines was performed by
short-tandem repeat profiling, and Mycoplasma testing was done by
conventional PCR methods.

To study the role of EBV-associated autophagic flux in blood B
cells, we created B-lymphoblastoid cell lines (LCLs), which were de-
rived from human blood B cells (Taiwan Blood Services Foundation,
Tainan Blood Center) immortalized by EBV infection.}”?! LCLs were
cultured in RPMI-1640, supplemented with 20% FBS. All cells were
incubated at 37°C in humidified atmosphere of 5% CO,. On starva-
tion experiment, serum-containing medium was removed, and cells
were washed twice with sterile phosphate buffer saline (PBS). Then,
each 2 x 10°/100 pL of L428-GFP and L428-LMP1 cells were serum
starved in 2.5% FBS for up to 72 hours.??
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2.2 | Western blot analysis

The cell lines were lysed in 1x Radio-Immunoprecipitation Assay
(RIPA) sample buffer (Upstate Biotechnology) containing 50 mM
Tris-HCI (pH 8.8) and supplemented with protease and phosphatase
inhibitor cocktails (Upstate Biotechnology). The lysates were cen-
trifuged, and the supernatants were collected to a new 1.5 mL
microcentrifuge tube. Polyacrylamide gel electrophoresis and im-
munodetection were performed.?! Protein concentrations were
expressed as the amount of protein divided by the corresponding
amount of glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
1:2500, sc-32233, Santa Cruz Biotechnology) using an imaging ana-
lyzer (White Light Transilluminator, Bio-Rad Laboratories). The anti-
bodies for immunodetection are provided in Table S1.

2.3 | Immunofluorescence staining

L428-GFP (1 x 10° and L428-LMP1 (1 x 10°) cells were cultured
in six-well plates. After cytospinning at 350 rpm for 15 minutes,
cells were transferred onto poly-i-lysine-coated glass slides for im-
munofluorescence staining, as previously described.?! The primary
antibody was LC3 A/B (D3U4C, 1:20, cell signaling). Nuclear DNA
was stained with 4'-6-diamidino-2-phenylindole (DAPI, 1:1000;
Invitrogen) for 15 minutes at room temperature in the dark. Finally,
the cell signal was detected by fluorescence microscopy.

2.4 | Cell death analysis

Cytotoxic effects of chloroquine (CQ, Sigma-Aldrich, C6628) and
doxorubicin (DOX, Adriblastina, Actavis Italy SpA) were assessed
in L428-GFP, L428-LMP1, KM-H2-GFP, and KM-H2-EBV cell lines.
Cell death was measured by externalization of phosphatidylserine
on the plasma membrane detected by Annexin V (BD Biosciences,
APC Annexin V 550475). According to the manufacturer's guide-
lines, 1.5 x 10° cells were treated with CQ (5, 10, and 20 uM) or
DOX (0.1, 1, and 10 uM) for 24, 48, and 72 hours. The samples were
centrifuged, washed twice with cold PBS, and re-suspended in 1 ml
of 1x binding buffer (BD Biosciences, 51-66121E). Next, 100 L of
sample was transferred to 1.5-mL Eppendorf tubes, and 5 uL of APC
Annexin V and 5 uL of 7-amino-actinomycin D (7-ADD) staining solu-
tion (BD Biosciences, 559925) were added for 15 minutes at 4°C in
the dark. Core DNA content was measured using a logarithmic am-
plification in the FL2 (for annexin V) and FL3 (for 7-AAD) channels of
the flow cytometer (BD FACSCanto Il with BD FACSDiva software,

Becton Dickinson). Each assay was repeated in triplicate.

2.5 | Short hairpin RNA targeting LMP1

The design of the short-hairpin RNAs (shRNAs) targeting LMP1 (full

sequences for cloning in Table S2) was based on splashRNA and
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cloned into the donor vector below by Gibson assembly.23 The for-
ward and reverse oligos were cloned into an AAVS1 locus-donor vec-
tor expressing GFP and the shRNA in tandem as described,?* except
that the Thy1.1 was replaced by GFP for staining-free assessment of
the induction. Five micrograms of the donor vector and 5 ug of the
px459-based AAVS1-targeting vector were electroporated into the
recipient cells with NEPA21 system. The electroporated cells were
selected with 300, 400, and 600 ug/mL of hygromycin 2 days later

and assayed as described in the results.

2.6 | Xenograft murine model with EBV-positive and
EBV-negative KM-H2 HL cells

The xenograft tumors yielded by inoculation of KM-H2-GFP (EBV-
negative) and KM-H2-EBV (EBV-positive) cells were from a previous
study,'® where 10 tumor nodules from each group were paraffin-
embedded and analyzed immunohistochemically for LC3A/B ex-
pression to assess whether EBV infection correlated with LC3
expression.

2.7 | Hodgkin lymphoma cases

The study group included 127 formalin-fixed, paraffin-embedded
cases of HL, with 23 cases from First Children Hospital, Ho-Chi-Minh
City, Vietnam, 43 cases from the National Cheng Kung University
Hospital, Taiwan, and 61 cases from the Veterans General Hospital
(VGH)-Taipei from 1985 to 2006. The diagnosis and subtype of each
case of HL were reviewed by two pathologists (KCC and PCHC)
and the immunophenotype of the HRS cells was CD30+/CD15+/
CD45-/CD3-/CD20+. The study protocol was approved by our insti-
tutional review board (NCKUH-ER-99-406) and was in accord with
the Helsinki Declaration of 1975, as revised in 2013.

All HL cases were classified according to the World Health
Organization (WHO) classification scheme.?® Clinical data includ-
ing sex, age, serum lactate dehydrogenase (LDH) level, tumor site,
Ann Arbor stage, treatment modality, and disease-specific survival,
were obtained by reviewing patient charts. All patients with avail-
able information were followed and the duration of follow-up ranged
from 3.4 to 208 months. All HL patients were treated with chemo-
therapy regimens with curative intent, using the ABVD (epirubicin/
Adriamycin, bleomycin, vinblastine, and dacarbazine) or BEACOPP
(bleomycin, etoposide, epirubicin/Adriamycin, cyclophosphamide,
oncovin, procarbazine, and prednisolone) regimens. For selected
patients, surgical intervention and/or radiotherapy preceded

chemotherapy.

2.8 | Immunohistochemistry

Immunostaining on clinical HL samples (n = 127) was performed

to measure autophagic activity with the relevant marker LC3A/B
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(MAP1LC3, microtubule-associated protein 1 light chain 3, rabbit
monoclonal, D3U4C, 1:25, cell signaling).?® Expression of LC3A/B
was analyzed to test any potential associations with EBV positivity,
LMP1 expression, and prognosis. Immunohistochemical staining was
performed on 4-pum-thick formalin-fixed paraffin-embedded sec-
tions of clinical HL specimens. The procedures were performed using
a Bond-Max Automated IHC stainer (Leica Biosystems Newcastle
Ltd), and developed with 3,3'-diaminobenzidine (DAB) chromogen.

Counterstaining was carried out with hematoxylin.

2.9 | EBV detection

In situ hybridization was performed to detect EBV-encoded small
RNAs (EBER) using an RNA probe cocktail (Ventana Medical System,
Inc).?” The nucleotide integrity was tested using a poly-A tail RNA posi-
tive control probe (Ventana Medical System). Positivity was defined as

more than 10% of HL cells showing unequivocal EBER signa\ls.28

2.10 | Subcutaneous xenograft mouse model for
CQ treatment

The xenograft model was performed on 5-week-old male nonobese
diabetes/severe combined immunodeficiency (NOD/SCID) mice
(CB17-Prkdc*®/NcrCrl; BioLASCO Taiwan, Bltw). The L428-GFP
and L428-LMP1 cells were grown in culture to confluence. Cells
were passed by removing feeding medium, and the suspension
with PBS was centrifuged at 1000 rpm for 5 minutes. Each 1 x 10°
L428 cells in 100 pL PBS were subcutaneously injected into right
thigh of NOD/SCID mice. On day 7 after tumor injection, the mice
were injected intraperitoneally with 60 mg/kg of CQ every day for
25 days. The dose (60 mg/kg) used was in accord with a previous
study.?” As controls, mice were injected with PBS, starting at day 7
after tumor injection, and were treated every day for 25 days. The
mice were monitored daily and sacrificed to assess the tumor weight
and volume using the formula 1/2 (length x width?). All procedures

were performed in accord with institutional animal policies (IACUC
Approval No. 100078 and 106091) and national laws.

2.11 | Statistical analysis

Statistical analysis was performed using GraphPad Prism software
(GraphPad, Inc). The X2 test (or two-tailed Fisher's exact test when
expected number <5) was used for categorical variables. Student's
t-test or ANOVA test was used for continuous variables. Error bars
represented the standard error of the mean (SEM) of three separate
experiments and statistical analysis was considered to be significant
when the P value was <.05 (*P < .05, **P < .01, ***P <.001). The cor-
relations of LC3 expression in clinical samples with clinicopathologic
parameters were evaluated by Kendall's tau (T) correlation test. The
Bonferroni correlation was used to avoid spurious positive results in
multiple comparisons. Tumor-specific survival was measured from
initial diagnosis to death and follow-up data of surviving patients
were assessed at the last contact date. Estimates of survival distri-
bution were calculated using the Kaplan-Meier method. Time-to-
event distributions were compared using the log-rank test. The Cox
proportional-hazard model was used to test the simultaneous influ-

ence on survival of relevant covariates. The P values were two-sided.

3 | RESULTS

3.1 | LMP1 increases autophagy in HL cells and helps
HL cells adapt to starvation-induced autophagic stress

To investigate the effect of EBV infection on the induction of au-
tophagy signals, sorted peripheral blood mononuclear cells (PBMCs)
were infected with EBV to form LCLs (Figure 1A). LCLs expressed an
EBV type lll latency program (LMP1+/EBNA2+), the L428-LMP1 cell
line demonstrated an EBV type Il latency program (LMP1+/EBNA2-),
and KM-H2-EBV was consistent with EBV type | latency program
(LMP1-/EBNA2-/EBNA1+). Compared with PBMCs, LCLs showed

FIGURE 1 LMP1 increases autophagy in HL cells and helps HL cells adapt to starvation-induced autophagic stress. A, Expression
patterns of LMP1 in LCL, parental EBV-negative L428 or KM-H2 cell lines. The cell lines (LCL, L428, and KM-H2) were blotted with
antibodies against LMP1 and GAPDH. GAPDH served as the loading control. B, Expression of LMP1 and autophagic markers in PBMCs
infected with EBV. The samples from parental PBMCs, EBV-infected newly formed (#1) and long-termed (#2) LCLs were blotted with aLMP1
(LMP1) and aLC3 (LC3-I and -Il) antibodies. The red numbers represent relative band intensities normalized by GAPDH. C, Expression of
autophagic markers in L428-LMP1 (left) and KM-H2-EBV (right) cells. C, left panel, The LMP1-transfected L428 cells had undergone stable
selection and show expression of LMP1 but not EBNA1 or EBNAZ2. Stably transfected L428 cells with a GFP-expressing vector served as
the nonexpressing control. LMP1 transfection increased LC3-Il expression but decreased expression of other autophagic proteins. C, right
panel, KM-H2-EBV cells expressed EBNA1 but not LMP1 or EBNAZ2. Stably-transfected KM-H2 cells with a GFP-expressing vector served
as the nonexpressing control. EBV type | latency program augmented Atg7 expression but attenuated expression of LC3-1l, Atg5 and Beclin
1. The red numbers represent the relative band intensity of LC3-1l normalized by GAPDH. D, The changes in autophagic markers induced by
starvation in L428 HL cells. The L428-GFP and L428-LMP1 cells (each 2 x 10° cells) were cultured in 100 pL of 2.5% FBS medium for 72 h.
The samples were harvested at respective time points and assayed by blotting with antibodies against Beclinl, Atg7, Atg5, p62, LC3, and
GAPDH. The numbers represent the relative band intensities normalized by GAPDH (red for LC3-Il). The changes of LC3-Il ratio (starvation
divided by nonstarvation) are plotted. Other autophagic proteins show a similar trend with LC3-I11. E, Stable cell lines (L428-GFP and L428-
LMP1) were stained by aLC3 antibody on immunofluorescence, which shows more LC3-Il signals (red) in L428-LMP than those in L428-GFP
cells (31/383 = 8.1% vs 9/449 = 2.0%, P < .001; blue, DAPI for nuclear staining)
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decreased expression of autophagic protein LC3-1l in both long-
term and newly formed LCLs, although the cytosolic form of LC3
(LC3-1) was increased (Figure 1B). Notably, LCLs with lower expres-
sion of LMP1 showed a higher expression level of early autophagy
LC3-1. Interestingly, LMP1 transfection increased autophagic flux
of LC3-1l in L428 HL cells but the KM-H2-EBV stable line showed
decreased autophagic flux LC3-1l (Figure 1C), highlighting the role
of LMP1 in autophagy induction in HL cells. We further studied
the effects of starvation on autophagic flux of HL cells. As shown
in Figure 1D, serum starvation in L428-GFP cells showed increased
autophagic flux of LC3-Il, which persisted for 72 hours. Instead,
LMP1-transfected L428 cells showed increased starvation-induced
autophagic flux of LC3-Il at 24 hours, but attenuated autophagic
flux at 48 and 72 hours. Other autophagic proteins showed a similar
trend with LC3-II. It appears that HL cells with EBV-LMP1 expres-
sion adapted to starvation-induced autophagic stress more quickly.
Immunofluorescence staining also confirmed LMP1 transfection in-
creased autophagic flux of LC3-1l in L428 HL cells (Figure 1E).

3.2 | LMP1 or EBV increases autophagic flux of LC3-
Il and rescues chloroquine-induced death in HL cells

CQ, an autophagy inhibitor, prevents autophagosome fusion with the
Iysosome13 and induces caspase-dependent apoptosis of lymphoma
cells.®*® We used CQ to block autophagy and found that in com-
parison with L428-GFP, L428-LMP1 showed increased autophagic
flux of LC3-I/Il and decreased CQ-induced cell death, especially at
24 hours (Figure 2A-C). Notably, both L428-GFP and L428-LMP1
showed dose-dependent increased cell death along with increased
autophagy LC3-1l. Other autophagic proteins showed a similar pat-
tern with LC3-1l or unremarkable changes in protein expression. The
treatment of CQ in EBV-negative (KM-H2-GFP) and EBV-infected
KM-H2 (KM-H2-EBV) cells revealed similar results with L428 cells,
that is, KM-H2-EBV cells showed increased autophagic flux of LC3-II
as well as other autophagic proteins, and decreased CQ-induced cell
death than KM-H2-GFP cells, especially at 48 hours (Figure S1).

3.3 | LMP1 increases autophagic flux of LC3-Il and
rescues doxorubicin-induced death in HL cells

Doxorubicin (DOX), which interacts with DNA by intercalation
and inhibition of macromolecular biosynthesis,®! is a standard

chemotherapeuticagentused for HL treatment.®? We tested whether
DOX-induced HL cell death was associated with autophagy and was
affected by EBV or LMP1. After treatment with DOX for 24, 48, or
72 hours, we found that in comparison with control (L428-GFP),
L428-LMP1 showed increased autophagic flux of LC3-1/Il and de-
creased DOX-induced cell death, especially at 48 (Figure 3B) and
72 hours (Figure 3C). In contrast, other autophagic proteins demon-
strated decreased expression along with HL cell death, especially at
10 uM DOX and at 48 and 72 hours. Both L428-GFP and L428-LMP1
showed dose-dependent increased cell death along with increased
autophagy. Interestingly, KM-H2-EBV cells showed a trend on en-
hancing autophagic flux of LC3-1l but no effect on rescuing DOX-
induced death compared with KM-H2-GFP cells (Figure S2). Other
autophagic proteins demonstrated decreased expression along with
HL cell death. Taken together, LMP1 rescued DOX-induced cell
death and promoted cell viability in L428, but EBV (EBNA1/type |
latency program) showed no rescuing effect on DOX-induced KM-
H2 cell death.

3.4 | LMP1 knockdown leads to decreased
autophagy LC3 signals in HL cells

To test whether EBV-LMP1 directly contributes to increased au-
tophagic flux of LC3, we knocked down LMP1 by shRNA to see the
effect on L428 HL cells. As shown in Figure S3, the expression of
LC3-l and LC3-1l was decreased along with the attenuation of LMP1.
Regarding the NFxB pathway, the noncanonical factor phospho(p)-
RelB was also decreased along with LMP1 knockdown, whereas
the canonical pathway factors p-RelA and p-c-Rel were relatively
unchanged.

3.5 | The relation between NFxB pathway and
autophagy pathway

As constitutive activation of NFkB pathway is the hallmark of HL
tumor cells, we further examined the relation between NFkB pathway
and autophagy pathway in association with CQ and DOX treatment.
For CQ treatment, LMP1 increased autophagic flux of LC3-1l in L428
HL cells but decreased expression of both canonical (p-RelA and p-c-
Rel) and noncanonical (p-RelB) NFxB pathways, especially at 72 hours
(Figure S4A). EBV increased autophagic flux of LC3-Il in KM-H2 HL
cells and increased expression of the noncanonical (p-RelB) pathway

FIGURE 2 LMP1 increases autophagic flux LC3-1l and rescues chloroquine (CQ)-induced death in HL cells. L428-LMP1 and the control
L428-GFP (1.5 x 10° cells for each) were treated with 0, 5, or 10 uM chloroquine (CQ) for 24 h (A), 48 h (B), and 72 h. C, left panel, The
samples were harvested and blotted with «aLMP1, aBeclini, aAtg7, aAtg5, ap62, aLC3, and «GAPDH antibodies. Red numbers indicate
relative band intensities of LC3-Il normalized by GAPDH. Other autophagic proteins show a similar pattern with LC3-1l or unremarkable
changes in protein expression. C, middle panel, Representative flow-cytometry plots to evaluate the apoptotic cell death occurring in the
identical samples in the left panel, which were harvested and stained for Annexin V (FL2) and 7-AAD (FL3). C, right panel, Quantification of
the flow data in the middle panel. The percentage of cells in quadrants 2 + 3 was used for plotting (n = 3, mean + SEM). Asterisks represent
P < .05 by paired t-test (*P < .05, **P < .01, ***P < .001). D, LC3-Il ratios are plotted based on relative band intensities of LC3-Il normalized

by GAPDH (red numbers)
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FIGURE 3 LMP1 increases autophagic flux LC3-1l and rescues doxorubicin (DOX)-induced death in HL cells. L428-LMP1 and the control
L428-GFP (1.5 x 10° cells for each) were treated with 0, 0.1, 1, or 10 uM doxorubicin (DOX) for 24 h (A), 48 h (B), and 72 h. C, left panel, The
samples were harvested and blotted with aBeclinl, aAtg7, aAtg5, ap62, aLC3 and «GAPDH antibodies. Red numbers indicate relative band
intensities of LC3-1l normalized by GAPDH. In contrast to LC3-1/Il, other autophagic proteins demonstrated decreased expression along with
HL cell death, especially at 10 uM DOX and at 48 and 72 h. C, middle panel, Representative flow-cytometry plots to evaluate the apoptotic
cell death occurring in the identical samples in the left panel, which were harvested and stained for Annexin V (FL2) and 7-AAD (FL3). C,
right panel, Quantification of the flow data in the middle panel. The percentage of cells in quadrants 2 + 3 was used for plotting (n = 3,

mean + SEM). Asterisks represent P value <.05 by paired t-test (*P < .05, **P < .01, ***P < .001). D, Plots of the LC3-Il ratio normalized by
GAPDH in immunoblotting

but the effect on expression of the canonical NFkB pathway was the expression of both canonical (p-RelA and p-c-Rel) and noncanoni-
variable (Figure S4B). For DOX treatment, LMP1 or EBV increased cal (p-RelB) pathways was not changed significantly (Figure S5). It ap-
autophagic flux of LC3-1l in L428 or KM-H2 HL cells, respectively, but pears that autophagy pathway is associated with the NFxB pathway
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in the presence of EBV or LMP1, but the effect of association may
depend on different HL cell lines and different reagent treatments.

3.6 | EBV infection enhances LC3 expression in
xenograft tumors of KM-H2 cells

In vitro studies show that LMP1 or EBV enhances autophagic flux of
LC3-1l and rescues CQ-induced cell death. We tested whether the
findings held true in the animal models. In parallel, KM-H2-EBV xen-
ografts showed significantly higher expression of LC3 than KM-H2-
GFP xenografts (8/10 vs 2/10, P = .007, Figure 4). Although tumor
necrosis was also more frequently found in KM-H2-EBV compared
with KM-H2-GFP xenografts (9/10 vs 7/10), the difference was not
significant (P = .264).

3.7 | Relative frequency and clinicopathological
features in clinical HL cases

We analyzed clinical HL cases to test the correlation of LC3

expression with clinicopathologic features. The distribution

FIGURE 4 Xenograft mouse model
shows that KM-H2-EBV HL cells (A, C, E,
X400) express autophagic protein LC3A/B
more frequently than KM-H2-GFP HL
cells (B, D, F, X400). NOD/SCID mice were
injected with KM-H2-EBV HL cells vs.
KM-H2-GFP HL cells and were harvested
16 weeks later. The formed xenograft
tumors from both groups (n = 10 for each)
were examined immunohistochemically
for LC3 expression. Histologically, KM-
H2-EBV (A) and KM-H2-GFP (B) tumor
cells are similar on H&E staining sections.
EBER in situ hybridization confirms

the presence of EBV-encoded RNA in
KM-H2-EBV (C) but not in KM-H2-GFP
(D) xenograft. The in vivo model shows

a higher expression rate of LC3A/B in
KM-H2-EBV (E) vs KM-H2-GFP (F) tumors
(8/10 vs 2/10, P = .007, Chi?-test). Scale
bar = 50 uM
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and clinicopathologic features of the HL cases (n = 127) are
summarized in Table 1. There were 83 men and 44 women with
amean age of 37 years at diagnosis. The distribution of HL sub-
types was as follows: nodular lymphocyte-predominant (NLP,
n = 4, 3%), nodular sclerosis (NS, n = 82, 65%), mixed cellular-
ity (MC, n = 24, 19%), lymphocyte-rich classic (LRC, n = 10,
8%), lymphocyte depletion (LD, n = 3, 2%), and unclassified HL
(n =4, 3%).

Expression of EBV by EBER in situ hybridization was found
in 54% (67/125) of all HL cases tested. The overall positive
rates for LMP1, LC3A/B, and high-stage disease (stage 3-4)
were 37% (34/92), 15% (19/127), and 55% (45/82), respec-
tively. Interestingly, LC3 expression (Figure 5) was positive in
all three cases of LD subtype (3/3, Figure 5C) and was absent
in all cases of NLP (0/4) and LRC (0/10) types. However, the ex-
pression of autophagy marker LC3 was not correlated with EBV
status (P =.161), LMP1 expression (P =.909), or clinical outcome
(P = .709). The clinicopathologic factors affecting survival are
listed in Table 2. In a univariate analysis, the significant param-

eters related to poorer prognosis included old age (>60 years,
P < .001), EBV association (P = .091), and LMP1 expression
(P =.022).
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TABLE 1 Results of clinicopathologic features in HL
Mean age Stage (3-
Subtype No. % Sex (M/F) (range) EBV+ (%) LMP1+ (%) LC3+ (%) 4) (%)
NLP 4 3% 2/2 1.0 57.5(29-77) 0(0) 0(0) 0(0) 0(0)
NS 82 65% 48/34 1.4 35.0 (2-81) 42/81(52) 20/57 (35) 10 (12) 33/57 (58)
MC 24 19% 22/2 11.0 40.3 (4-87) 17/23 (74) 8/14 (57) 5(21) 6/10 (60)
LRC 10 8% 5/5 1.0 37.4 (5-69) 2 (20) 2 (20) 0(0) 2/7 (29)
LD 3 2% 3/0 - 13.7 (7-27) 2(67) 1(33) 3(100) NA (NA)
HL* 4 3% 3/1 3.0 54.8 (39-71) 4 (100) 3(75) 1(25) 4 (100)
Total 127 100% 83/44 1.9 37.0(2-87) 67/125 (54) 34/92(37) 19/127 (15) 45/82 (55)

Abbreviations: *HL, unclassified HL; LD, lymphocyte depletion; LRC, lymphocyte-rich classic; MC, mixed cellularity; NLP, nodular lymphocyte-

predominant; NS, nodular sclerosis.
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3.8 | CQ treatment effectively eradicates L428-
LMP1 xenograft in a better efficacy than L428-
GFP xenograft

Although LC3 expression was not correlated with patient sur-
vival, we tested whether autophagic blockade by CQ treatment
inhibited tumor growth in vivo. NOD/SCID mice were divided
into four groups (Figure 6A): GFP + PBS (n = 6), GFP + CQ (n = 7),
LMP1 + PBS (n=7),and LMP1 + CQ (n = 7). After CQ or PBS treat-
ment for 25 days, the LMP1 + CQ group showed complete tumor
regression (0/7), in contrast with the GFP + PBS (6/6), GFP + CQ
(5/7), and LMP1 + PBS (5/7) groups, although the GFP + CQ group
also showed persistent tumor regression (Figure 6B-E). However,
the body weights of tumor-bearing mice were not significantly dif-
ferent (Figure 6F). It appears that CQ treatment abrogates the pro-
tumoral effects of LMP1.

FIGURE 5 LC3 expressionin clinical
HL samples is infrequent and only positive
in ~15% of cases. A, This nodal case
shows LC3 expression in the cytoplasm

of histiocytes, but not in HL tumor cells
(1000x, hematoxylin counterstain). B,
This case with bone marrow involvement
shows cytoplasmic expression of LC3

in HL tumor cells (200x inset, 1000x
hematoxylin counterstain). C, The tumor
cells of lymphocyte-depleted (LD) subtype
are positive for LC3 expression (400x
inset, 1000x hematoxylin counterstain).
D, Vascular endothelial cells and
histiocytes (arrow) are typically positive
for LC3 expression (400x hematoxylin
counterstain)

4 | DISCUSSION

HL is derived from germinal center B cells and EBV-LMP1 likely
plays a role in the transformation event of HL precursor cells.3®
Accumulation of viral proteins in ER causes ER stress responses
whereby the HL cells predominantly express survival signals over
the death signals of the ER stress response.” Herein, we further
found that EBV-LMP1 transfection induced a modest increase in
autophagy signals, helped HL cells adapt to starvation-induced au-
tophagic stress, and alleviated autophagy inhibition- or doxorubicin-
induced cell death. Using a xenograft mouse model, we also showed
that EBV infection significantly increased autophagy LC3 expression
in HL cells. Clinically, LC3 was infrequently expressed in HL samples
and undetected in NLP and LRC cases, but interestingly all three
LD cases were positive. Although expression of LC3 was not corre-

lated with EBV status or clinical outcome, autophagic blockade more
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TABLE 2 Clinicopathologic parameters

Cancer Science NI aa=a

affecting survival of HL patients Poor Unil Multi 5% ¢l
Factors prognosis (%) P P HR Lower Upper
Old age >60y 29%  <.001 .008 3.395 1.372 8.399
Sex Male 65% 739 = = = =
Stage High (3-4) 55% .884 .358 1.448 0.658 3.187
LDH >200 IU/L 54% .584 - - - -
B symptoms Presence 35% .694 - -
Subtype Non-NS 35% .520 - - - -
EBV Presence 54% .091 .803 1.167 0.346 3.936
LC3 Presence 15% .855 274 0.496 0.141 1.743
LMP1 Presence 38% .022 769 1.211 0.337 4.356

Abbreviations: Cl, confidence interval; LDH, lactate dehydrogenase; Multi, multivariate analysis;
Non-NS, non-nodular sclerosis type HL; Uni, univariate analysis.
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FIGURE 6 Xenograft mouse model shows that CQ treatment effectively eradicated L428-LMP1 xenograft more efficiently than did
L428-GFP xenograft. NOD/SCID mice were divided into four groups: GFP + PBS (n = 6), GFP + CQ (n = 7), LMP1 + PBS (n = 7), and
LMP1 + CQ (n = 7). GFP, L428-GFP xenograft; LMP1, L428-LMP1 xenograft; CQ, CQ treatment (60 mg/kg for 25 days); PBS, PBS mock
treatment control. A, Appearances of the mice and their injection sites on the back 25 days after tumor cell injection and treatment. B,
The gross morphology of the excised tumors in (A). C-F, Plots of the xenograft tumor sizes (C, mm?; D, percentages of the original size),
tumor weights (E, grams), and the corresponding mouse weights (F, grams). Black, GFP + PBS; green, GFP + CQ; red, LMP1 + PBS; blue,

LMP1 + CQ. Asterisks represent P value <.05 by Student t-test

effectively eradicated L428-LMP1 xenografts than L428-GFP xeno-
grafts. Collectively, these results suggest that EBV-LMP1 enhances
autophagic flux in HL cells and that autophagic inhibition may be a
potentially therapeutic strategy for HL patients.

It is known that LMP1 induces autophagy in a dose-dependent
manner and that B cells that express low levels of LMP1 display early
stages of autophagy LC3-1.34 Accordingly, we found that lympho-
blastoid cell lines with lower expression of LMP1 showed higher ex-
pression of early autophagy LC3-l. In addition, LMP1 transfection
increased autophagic flux of LC3-1l in L428 cells, but EBV infection
in KM-H2 cells decreased autophagic flux of LC3-Il. L428-LMP1

cells, a modified EBV-infected status in HL cells, have a type Il la-
tency program (LMP1+/EBNA2-), which is consistent with the EBV
latency program expressed in clinical HL cases.®® In contrast, the
KM-H2-EBV cells, which have a type | latency program, showed no
significant effect on resistance to DOX-induced cell death. LMP1
augmented autophagic flux and chemoresistance in HL cell lines, and
LMP1-bearing HL xenografts more effectively responded to auto-
phagic blockade therapy.

LMP1, an EBV oncoprotein, acts as a CD40 functional homo-
logue and activates several downstream pathways such as NF«B,

mitogen-activated protein kinase (MAPK), phosphatidylinositol
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3-kinase (PI3-K), IRF7, and JAK-STAT.3¢ The more resistant effect of
the L428-LMP1 cell line (type Il latency) than KM-H2-EBV cell line
(type | latency) on DOX-induced cell death may reflect the pivotal
role of LMP1 on HL cell survival. We found that EBV-LMP1 expres-
sion in HL cells attenuated starvation-induced autophagic stress and
alleviated CQ- or DOX-induced HL cell death through upregulation
of autophagy LC3-I/Il. It appears that the dynamics of autophagic
flux reflects the cellular stresses of HL. When HL cells meet with a
low cellular stress such as serum starvation, autophagy is activated
and then subsequently returns to basal status. When HL cells en-
counter a high cellular stress such as CQ or DOX treatment, which
goes beyond the compensated ability of elevated autophagy, the
cells undergo apoptosis. Interestingly, we found that prolonged high
stress led to increased expression of LC3 and decreased expression
of other autophagic proteins along with HL cell death (Figures 3 and
S2). In these processes regulated by autophagy, EBV-LMP1 may aug-
ment the compensation function of autophagy through activation
of the NFkB pathway.37’38 We additionally demonstrated that EBV
increased autophagic flux of LC3-11 in KM-H2 HL cells and increased
expression of the noncanonical (p-RelB) pathway (Figure S4B).

Autophagic flux is characteristically dynamic over time. In ad-
dition, cellular expression of LMP1 at variable levels may further
alter autophagic flux in different HL tumor cells.3* Although, our in
vitro and in vivo models demonstrated that LMP1 enhanced auto-
phagic flux of LC3-Il, expression of LC3-1l in clinical HL cases was
uncommon and uncorrelated with LMP1 expression or EBV infec-
tion. Because HL tumorigenesis is a long-term process and EBV
plays an etiologic role in early tumorigenesis,* it is plausible that
in a well-established HL case the tumor cells may have adapted
to autophagic stress on overexpression of LMP1 or other EBV-
associated proteins.

Birkenmeier et al?? have reported that basal autophagy is ex-
pressed in HL tumor cells and is pivotal for survival and growth
of HL cells, but nothing was mentioned about EBV. Our findings
are largely consistent with their data that through increased au-
tophagic flux the HL tumor cells can attenuate drug-induced cell
death and CQ treatment effectively eradicates HL xenograft.
Regarding the trigger of basal autophagy, Birkenmeier et al?’ con-
sider genetic instability-associated protein misfolding to be the
culprit. Here, we further found that EBV or LMP1 can enhance
autophagic LC3 expression. Other factors may also contribute to
the autophagic expression, especially in EBV-negative cases, such
as hypoxia, cell starvation or microenvironmental stress. Tumor
cell hypoxia has been found to induce expression of vascular en-
dothelial growth factor (VEGF) in HL cells along with increased
tumor cell density.>*4° Another possibility, which would be more
attractive and reasonable, is that the EBV-negative cases by con-
ventional methods are really EBV-infected when higher-sensitive
methods are used to detect EBV traces,* although the EBV viral
load may be lower. Taken together with our present finding that
EBV-LMP1 upregulates autophagy, it seems possible that both
EBV-positive and EBV-negative HL cases have been infected by
EBV but a subset of HL tumor clone may largely loose the EBV

genome over time, leading to a much lower viral load status and
lower autophagy signaling. In addition, since HL tumor formation
and progression is a chronic process, besides EBV, other factors
such as tumor microenvironment (angiogenesis, immune cells)
would also contribute to the dynamic changes of autophagic flux.
Therefore, in clinical samples the EBV status detected by EBER-
ISH or LMP1 immunostaining may not be associated with LC3 au-
tophagy expression.

Autophagy, a pivotal mechanism of cytoprotection activated
by cellular stresses, also has been associated with cell death.™
Autophagy may be involved in pathogenesis, prognostic prediction,
and targeted therapies in cancers.®® Higher levels of baseline auto-
phagy LC3-Ilin peripheral blood lymphocytes have been found to be
a good prognosticator in patients with relapsed or refractory HL.*
In a phase Il trial of sorafenib, a multikinase inhibitor, baseline LC3-II
levels in responders were higher before treatment and significantly
declined 30 days after therapy.*? The findings suggest involvement of
autophagy in response to tumor treatment and the idea of combined
inhibition of autophagy and kinases.* Our study, instead, showed
that overexpression of LC3 in tumor cells of clinical HL cases was un-
common and unassociated with patient outcomes. Nevertheless, the
effective eradication of established LMP1-positive HL xenografts in
our study may further underlie the clinical application of autophagy
inhibitors as a novel therapeutic strategy for patients with HL, espe-
cially for older patients and EBV-positive cases. We have previously
found that EBV-positive HL cases are strongly associated with old
age (>60 years), poorer prognosis, and cytokine hypersecretion.'®
Combined blockade of autophagy and the NFxB pathway may be
also promising for recurrent and refractory HL cases.”®

CQ is an autophagy inhibitor. The addition of CQ blocked au-
tophagic flux and hence increased levels of LC3-Il in HL cell lines.
Bartolome et al** found that inhibition of autophagy by CQ makes
the cells hypersensitive to ER stress-mediated apoptosis via in-
creased caspase-3 and diminished Bcl-2. It is intriguing that L428-
LMP1 HL cells showed partial resistance on CQ-induced cell death in
vitro but showed more efficacy on CQ eradication of existing xeno-
grafts in vivo. Two reasons may explain this: first, the inflammatory
tumor microenvironment in vivo is different from the tumor cell-only
condition in vitro; second, the CQ dose for the in vivo treatment is
quite high (60 mg/kg), more than that in another animal (dog) model
(12.5 mg/kg).*

The role of autophagy in HL growth is controversial. In HL cell
lines (L428 and KM-H2), histone deacetylase inhibition or estro-
gen receptor B activation induces autophagy and contributes to
cell death.*®*” On the other hand, HL cells require basal autoph-
agy for growth, survival, and sustained metabolism.?? We found
that increased autophagy was associated with enhanced cell death
and LMP1 or EBV rescued the cell death along with autophagy
increments. It appears that the dual roles of autophagy in HL sur-

vival are context-dependent.*®

Although the mechanisms under-
lying these paradoxical effects need to be further explored, our
xenograft murine models support targeting autophagy as a useful

new strategy for HL treatment.?? Clinically, LC3 was interestingly
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expressed in all LD cases and absent in NLP and LRC cases. The
reason underlying this finding is currently obscure. However, since
HL subtype inherently bears prognostic significance, being poorer
in LD and better in NLP and LRC, the expression of the LC3 auto-
phagic signal in HL tumor cells may herald an aggressive behavior
or reflect a cell-poor tumor microenvironment. It has been found
that overexpression of autophagy in cancer cells negatively affects
sensitivity toward NK- and cytotoxic T-lymphocyte-mediated cell
lysis through degradation of granzyme B and inhibition of the
immunological synapse, which may further lead to lymphocyte
depletion.*?

In conclusion, in a steady state we found that clinical HL tumor
cells express a low level of autophagic activity, whereas EBV-LMP1
upregulates autophagy signaling. Treatment with autophagy inhibi-
tors or cytotoxic agents induces HL cell death, suggesting a potential

strategy of targeting autophagy as a part of HL therapy.
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