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Abstract

Malignant B-cells express measurable levels of HLA class Il proteins, but often escape immune
recognition by CD4+ T cells. Resveratrol (Resv) has been the focus of numerous investigations
due to its potential chemopreventive and anti-cancer effects, but it has never been tested in the
regulation of immune components in B-cell tumors. Here, we show for the first time that Resv
treatment enhances HLA class I1-mediated immune detection of B-cell lymphomas by altering
immune components and class 11 presentation in tumor cells. Resv treatment induced an
upregulation of both classical and non-classical HLA class Il proteins (DR and DM) in B-
lymphoma cells. Resv also altered endolysosomal cathepsins (Cat S, B and D) and a thiol
reductase (GILT), increasing HLA class II-mediated antigen (Ag) processing in B-cell lymphomas
and their subsequent recognition by CD4+ T cells. Mechanistic study demonstrated that Resv
treatment activated the recycling class Il pathway of Ag presentation through upregulation of Rab
4B protein expression in B-lymphoma cells. These findings suggest that HLA class II-mediated
immune recognition of malignant B-cells can be improved by Resv treatment, thus encouraging its
potential use in chemoimmunotherapy of B-cell lymphoma.
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Introduction

Lymphoma is the most common form of hematological malignancy in the United States [1].
It is the seventh most common cancer in adults and the third most common in children [2—
3]. Chemotherapy is currently the primary modality of treatment for this fatal disease. In
recent decades conventional chemotherapy has produced a dramatic improvement in
lymphoma/leukemia patients’ survival, but patients whose cells exhibit in vitro drug
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resistance may have a substantially worse prognosis than drug sensitive patients [4-7].
Attempts to improve the survival and diminish the unwanted side effects of cancer treatment
largely depend on strategies that reduce tumor resistance to chemotherapy, while restoring
anticancer immune responses. Although conventional chemotherapy for lymphoma has
advanced greatly in recent years, the majority of B-cell lymphomas in patients remain
incurable, and there is a need for novel therapies with less toxicity and more specific
targeting of tumor cells. Immunotherapy has become a major interest as a new treatment
modality for B-cell lymphoma since the discovery that the lymphoma-associated Ags could
be recognized by T cells [8]. B-cell malignancies also appear to be ideal candidates as
targets of immunotherapy approaches, since the monoclonal antibody Rituximab has been
widely used in treating these tumors, and is also established in widespread clinical practice

[9].

In recent years, many dietary compounds have been identified that exhibit chemopreventive
properties, and could be exploited in novel drug development [10]. Among them is the
hydroxylated stilbene Resveratrol (Resv), a polyphenol found naturally in various plant
species, and particularly in grapes [11-12]. Resv has been found to have a wide variety of
cellular targets, and has therapeutic and preventive potential against cancers by blocking
tumor initiation, promotion, and progression in a number of cell types and cancer models
[12-16]. The anti-cancer potential of Resv was observed after application of Resv as single
agent or in combination with radiotherapy or conventional chemotherapy [12,17]. It has also
been shown that Resv acts by modulating the activity of many different signaling pathways
involved in cell cycle regulation and survival [18]. Despite the anti-proliferative and pro-
apoptotic features previously shown, it is not known whether Resv is able to induce immune
activation in lymphoma cells. Effective tumor immune responses usually involve the
stimulation and maintenance of tumor specific CD8+ HLA class I-restricted cytotoxic T
cells (CTL) and tumor-specific CD4+ class ll-restricted helper T cells [19]. Several groups
have shown that B-cell lymphoma especially Burkitt lymphoma (BL) cells can not present
Ags by class | molecules [20], which contributes to their escaping immune recognition from
tumor-specific CD8+T cells. Most B-cell tumors including BL, express detectable levels of
HLA class 1l molecules, could provide their own HLA class Il Ag presentation and be
targets for CD4+ T cells.

Unlike HLA class | molecules, which are constitutively expressed by all nucleated cells,
HLA class 1l molecules are conserved to thymic epithelial cells and professional antigen
presenting cells (APCs) like; dendritic cells, B cells, macrophages, and some lymphoid
malignancies like B-cell lymphoma [21-22]. Antigenic fragments derived from both
exogenous and endogenous proteins are taken up by APCs and are presented to the immune
system by HLA class Il molecules. After association with the invariant chain (li) in the
endoplasmic reticulum, class Il molecules are targeted to the endolysosomal compartment,
where it contacts antigenic peptides generated in the endocytic pathway [22]. Upon
degradation of the li, class Il-associated invariant chain peptide (CLIP) remains associated
to the class Il binding groove. In B cells, CLIP is dissociated with the help of a non-classical
class 1l molecule HLA-DM [23]. The removal of CLIP and the peptide display on class Il
proteins are thought to be interfered with another non-classical class Il molecule, HLA-DO
[24]. The HLA class Il pathway functions through both classical and non-classical methods
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of Ag processing, peptide loading and presentation to CD4+ T cells. In the classical
pathway, Ags are processed in endolysosomal compartments by acidic cathepsins (e.g., Cat
S, B and D) and reductases (e.g., GILT), and the resulting class I1-peptide complexes traffic
to the cell surface for interaction with CD4+ T cells [25]. Studies in B-cells have reported
that early endosomal compartments can serve as a secondary site for peptide loading where
recycling class Il could play a role in CD4+ T cell stimulation. Whether Resv treatment
influences HLA class Il Ag processing in the endolysosomal compartments and modulates T
cell responses remains unknown. In the non-classical pathway, the regulation of endocytosis
and recycling of HLA class Il proteins and their ligands is also influenced by the Rab family
of small GTPases responsible for intracellular vesicle trafficking [26]. Of these proteins,
Rab 4B has been implicated in endosomal recycling and HLA class Il-restricted Ag
presentation [27]. In this study, we have examined the effects of Resv on the induction of
immune activation, and describe the specific mechanisms of Resv-induced class Il protein
expression in human B-cell lymphoma and their subsequent functions in triggering CD4+ T
cells. We found that low doses of Resv upregulate the expression of Rab 4B, resulting in
increased HLA class Il protein recycling and restoring CD4+ T cell recognition of B-cell
lymphomas. While B-cell lymphoma poses a defect in class I1-mediated immune
recognition, enhancement of endocytic recycling and immune activation by Resv may offer
new targets for the development of novel immunotherapeutics for this malignant disease.

Material and methods

Cell lines

Human Burkitt lymphoma cell lines Nalm-6, Ramos and Daudi were maintained in complete
RPMI-1640 (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (HyClone), 50
U/ml penicillin and 50 pg/ml streptomycin (Mediatech Inc), and 1% L-glutamine
(Mediatech). Nalm-6, Ramos, and Daudi cells were obtained from Dr. Janice Blum (Indiana
University, Indianapolis). BL cell line 1G2 was purchased from American Type Culture
Collection (ATCC). Nalm-6, Ramos, Daudi, and 1G2 cells were transduced using retroviral
vectors for constitutive expression of HLA-DR4 (DRB1-0401) with linked drug selection
markers for hygromycin and histidinol resistance [28-30]. Expression of surface HLA-DR4
complexes on cells was confirmed by flow cytometric analysis using the DR4-specific mAb,
359-F10 [28]. The T cell hybridoma line 17.9, which responds to human serum albumin
(HSA) residue 64-76K, the T cell hybridoma line 50.84.17, which responds to human HA-
fluzp7-319 peptide, the human IgG k1gg-203 specific T cell hybridoma line 2.18a, and k145.159
specific T cell hybridoma line 1.21 were all obtained from Dr. Janice Blum and maintained
in complete RPMI-1640 with 10% FBS, 50 U/ml penicillin, 50 pg/ml streptomycin, and
supplemented with 1% L-glutamine and 50 uM B-ME [31-32].

Ags, peptides and antibodies

Human HSA and IgGk Ags were purchased from Sigma-Aldrich. The human HSAg4-76k
(VKLVNEVTEFAKTK), HA-fluzg7.319 (PKYVKQNTLKLAT), 1gGx1g88-203
(KHKVYACEVTHQGLSS), 19Gk145.159, (KVQWKVDNALQSGNS) peptides were
produced using Fmoc technology and an Applied Biosystems Synthesizer as described [30-
31]. Peptide purity (>99%) and sequence were analyzed by reverse phase HPLC purification

Leuk Lymphoma. Author manuscript; available in PMC 2015 January 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

RADWAN et al.

Page 4

and mass spectroscopy. Peptides were dissolved in DMSO and stored at —20°C until used.
The primary antibodies used were human HLA-DR (L243), cathepsins S, B and D (Santa
Cruz Biotechnology Inc), Rab 4B (Santa Cruz), li, HLA-DM (Santa Cruz), $-actin (clone
AC-15) (Sigma), and HLA-DRp (XD5) (a gift from Dr. Blum at Indiana University). The
secondary antibodies used were horseradish peroxidase conjugated anti-mouse (Pierce),
anti-rabbit or anti-goat 1gG (Santa Cruz).

MTS assay for Resv cytotoxicity and cell death

A 10 mM stock solution of Resv (> 99 % purity, Cat# R5010 Sigma) in DMSO was
prepared and kept at —20°C. For all Resv treatments, DMSO final concentration was < 1%.
The Nalm-6.DR4, Ramos.DR4, Daudi.DR4 and 1G2.DR4 cells were seeded at 1 x 10° cells/
well in 100 pl of appropriate culture medium in a flat-bottom 96-well plate. Resv was then
added to appropriate wells for final concentrations of 0, 50, 100, and 200 uM. Following 24
h of Resv treatment, cell viability was measured using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay® (Promega). Cells were also treated with 50 uM of Resv
for 6, 12 or 24 h, followed by addition of twenty ul of MTS reagent to all wells. The plate
was incubated for 2 h at 37°C, and absorbance was read at 490 nm. Experiments were
repeated at least three times and the data were expressed as percent cell death £ SD of
triplicate wells.

HLA class Il Ag presentation assays

For exogenous presentation, Nalm-6.DR4 and Ramos.DR4 cells (2 x 10° cells/well) were
treated with vehicle alone or 50 pM of Resv for 24 h at 37°C in culture media in 96-well
plate, followed by the addition of HSA Ag (20 uM), HSAg4-76k (10 uM) or HA-Fluzg7.319
peptide (10 uM) to the appropriate wells for the last 4-6 h of incubation. Cells were then
washed and cocultured with the peptide specific T cell hybridomas as described [25,31].
Following incubation, the plates were stored at —80°C and analyzed for IL-2 production. To
examine the effect of Resv treatment on the endogenous Ag presentation, Daudi.DR4
(express endogenous 1gGx) treated with vehicle alone or 50 uM of Resv were cocultured
with the human 1gGxk1gg.203 and 1gGx145.159 peptide specific T cell hybridomas for 24 h.
Following incubation, the plates were stored at —80°C and analyzed for IL-2 production.
Cells were also treated with bestatin, colchicines, cytochalasin D, and primaquine (Sigma),
followed by the addition of HSAg4-76k OF k 145.159 peptide and coculture with the peptide
specific T cell hybridoma as described. T cell production of IL-2 was quantified by enzyme-
linked immunosorbent assay (ELISA) according to the manufacturer’s instructions (R&D
Systems). Anti-I1L-2 was purchased from Sigma-Aldrich. All assays were repeated at least
three times.

Flow cytometric analysis

Control and Resv (50 uM)-treated Nalm-6.DR4 and Ramos.DR4 cells were stained with
mADbs directed against HLA-DR (L243) and HLA-DR4 (359-F10), followed by secondary
antibodies labeled with FITC (Santa Cruz) [25]. The B cell line, Frev, which constitutively
expresses class 11 DR4, was also stained with those antibodies and used as controls [33].
Samples were then analyzed on a FACScan using CellQuest software (BD Bioscience,
Mountain View, CA). Background fluorescence was evaluated using an irrelevant isotype-
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matched mAbs NN4 and IN-1 as described [25]. Mean fluorescence intensity (MFI) was
used to compare the relative class Il protein expression on the cell surface.

Western blot analysis

Nalm-6.DR4 and Ramos.DR4 cells were cultured for 24 h in the presence of 0, 50, and 100
UM of Resv. Following treatment, cells were washed and cell lysate was obtained using a
standard lysis buffer (10 mM Trizma base, 150 mm NaCl, 1% Triton-X 100). Equal protein
concentrations from designated cell lysates were separated on a 4-12% Bis/Tris NuPage gel
(Invitrogen). Proteins were transferred onto a nitrocellulose membrane (Pierce), and probed
with antibodies for the expression of caspases (3 and 9), HLA-DR, HLA-DM, li, and Rab
4B proteins. The secondary antibodies used were horseradish peroxidase conjugated anti-
mouse (Pierce), anti-rabbit, or anti-goat 1gG (Santa Cruz). Monoclonal antibody for -actin
was used as a protein loading control. Densitometry was performed using a ChemiDoc XRS
station (Bio-Rad) where the protein bands were analyzed using the Quantity One 4.6.3
software (Bio-Rad). Relative protein expression levels were stated as a ratio of specific
proteins expressed/B-actin for each sample. Data are representative of at least three separate
experiments.

Quantitation of endocytosis and class Il protein recycling

Ramos.DR4 cells were treated with vehicle alone or 50 pM of Resv overnight, followed by
measurement of endocytosis and recycling of class 11 molecules as described previously
[25]. Briefly, control (vehicle treated) and Resv-treated Ramos.DR4 cells were divided into
three groups (samples A, B and C), washed with cold PBS, and cell surface proteins were
biotinylated with sulfo-NHS-SS-biotin (Pierce, IL) for 15 min at 4°C. Sample A was
immediately harvested, washed with ice cold buffer for subsequent analysis. Sample A, thus
represents total cell surface proteins accessible to the biotin-labeling reagent in the absence
of endocytosis. For sample B, cells were exposed to a glutathione solution to remove the
disulfide-linked biotin from surface proteins, with typically greater than 95% release of this
label. Cells in sample C were incubated for 15 min at 37°C to allow endocytosis of biotin-
labeled surface molecules, followed by exposure to the glutathione solution to remove any
residual biotin-label from proteins remaining on the cell surface. Thus, sample C represents
the amount of cell surface protein endocytosed in 15 min. Each set of cells were washed
extensively and lysed with PBS + 1% Triton + protease inhibitors. Biotinylated cell surface
molecules were then detected by capture ELISA using plates coated with antibodies to HLA
class Il molecules (37.1) or transferrin receptor (B3/25) followed by the addition of
streptavidin-peroxidase and colorimetric detection of bound peroxidase. Background
readings were subtracted and the percent endocytosis was calculated by the following
formula: % cell surface protein endocytosis = (sample C-sample B) / (sample A-sample B).

Statistical analysis

Data from each experimental group were subjected to statistical analysis. Differences
between experimental groups were analyzed for statistical significance using Student’s t-
test. Values of P < 0.05 were considered significant.
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Resv treatment restores HLA class ll-restricted Ag processing, presentation, and CD4+ T
cell recognition of B-cell lymphomas

Ag presentation by HLA class Il molecules plays an important role in inducing anti-tumor
immunity and tumor clearance. Resv is a natural polyphenolic antioxidant and has been
shown to exhibit cardio-protective as well as anti-inflammatory and anti-tumor effects on
various types of cancers [34-37]. However, its effect on HLA class Il Ag presentation and
immune recognition of B-cell lymphomas remains unknown. B-cell lymphomas each
express measurable levels of surface HLA class Il molecules. However, in order to gain a
more direct comparison of class I1-mediated Ag presentation between these cells following
Resv treatment, we expressed a common HLA class Il allele in several B-cell lymphoma cell
lines. B-cell lymphoma cell lines Nalm-6, Ramos, and Daudi were retrovirally transduced to
express the DR4 allele, HLA DRB1*0401. Flow cytometric analysis showed that all 3 cell
lines were successfully transfected, constitutively expressing the common DR4 allele
[Figure 1(A)]. Following DR4 transfection, Nalm-6.DR4 and Ramos.DR4 cells were treated
with vehicle alone (DMSO) or different concentrations of Resv (0, 50, 100 and 200 uM) for
24 h. Data obtained from MTS assay showed that the 24 h Resv treatment induced dose-
dependent killing in Nalm-6.DR4 and Ramos.DR4 lymphoma cells [Supplemental Figure
1(A)]. The concentration of Resv inhibiting cell growth by 50% (ICsgq) ranged from about
55.9 to 125.5 pM. Thus, a low concentration of 50 uM of Resv was selected and tested for
cell (Nalm-6.DR4) viability at various time points (0, 6, 12 and 24 h) using MTS assay
[Supplemental Figure 1(B)]. These results suggest that a low concentration of Resv (50 uM)
after 24 h can also induce lymphoma cell death. To determine whether caspases played a
role in Resv induced cell death, we tested cell viability in the presence or absence of Resv
and the pan-caspase inhibitor Z-VAD-FMK, which irreversibly binds to the catalytic site of
caspases. Increased cell viability was observed when Z-VAD-FMK was added to the Resv-
treated cells [Supplemental Figure 1(C) and 1(D)], suggesting that active caspases played a
key role in inducing apoptosis by Resv.

To investigate whether Resv treatment alters HLA class Il-restricted Ag processing and
presentation, Nalm-6.DR4 and Ramos.DR4 cells were treated with vehicle alone or 50 pM
of Resv, followed by the addition of HSAgs.76x 0r HA-flusg7.319 peptide for 4 h as
described in the methods. After treatment, cells were washed and co-cultured with the
peptide specific T cell hybridomas for 24 h, and the production of IL-2 was quantitated by
ELISA. Data showed that Resv treatment enhanced the presentation of HSAg4.76x and HA-
fluzg7-319 peptides by both B-lymphoma cell lines Nalm-6.DR4 and Ramos.DR4 [Figure
1(B) and 1(C)]. These data suggest that Resv treatment enhances HLA class Il-restricted
peptide presentation by B-cell lymphomas to CD4+T cells.

To investigate whether Resv treatment also enhances whole Ag processing and HLA class
I1-mediated presentation of processed epitopes to CD4+ T cells, Ramos.DR4 cells were
pretreated with Resv and incubated with whole IgGx Ag as described in the methods.
Functional Ag presentation assay showed that Resv treatment significantly enhanced the
presentation of 1gGx1gg.203 and 1gGk145.159 epitopes to CD4+ T cells by Ramos.DR4 cells
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[Figure 2(A) and 2(B)]. To examine whether endogenous presentation of k epitopes is also
altered by Resv treatment, we used Daudi lymphoma cells which naturally express
endogenous 1gGk Ag. Daudi.DR4 cells treated with Resv were cocultured with the
1gGx188-203 OF 19Gk145.159 epitope specific T cell hybridoma for 24 h. T cell production of
IL-2 was measured, and data showed that Resv treatment significantly enhanced endogenous
presentation of HLA-DR4-restricted 1gGxk epitopes by Daudi cells to CD4+ T cells [Figure
2(C) and 2(D)]. These functional data suggest that Resv treatment enhances HLA class Il Ag
presentation and CD4+ T cell recognition of B-cell lymphoma.

Resv treatment upregulates intracellular HLA class Il molecules, cathepsins and
reductases but does not alter surface DR expression in B-cell ymphomas

To examine whether Resv treatment altered class Il proteins and the components of the class
Il pathway for immune restoration, we first analyzed intracellular HLA class Il protein
expression levels in a number of B-lymphoma cell lines treated with either Resv or a vehicle
control. Western blot analysis showed that treatment with various concentrations (50-100
uUM) of Resv caused significant upregulation of HLA class Il molecules in Nalm-6.DR4 and
Ramos.DR4 lymphoma cells [Figure 3(A)]. The major components of the class Il pathway,
such as li and HLA-DM molecules were also significantly elevated in Nalm-6.DR4 and
Ramos.DR4 cells when treated with 50 uM of resveratrol [Figure 3(A)]. Densitometric
analyses of protein bands confirmed that Resv treatment significantly increased class 11 DR,
DM, and li expression in Nalm-6 and Ramos cells [Figure 3(B)]. This is an interesting
finding because Resv-induced upregulation of HLA-DM molecules may influence epitope
loading in the endolysosomal compartments, enhancing Ag presentation by the classical
class 1l pathway. However, the intracellular pool of HLA class Il molecules does not often
correlate with the amount of cell surface class Il proteins expressed by APC or tumor cells.
To determine if Resv treatment had any effect on surface DR protein expression, flow
cytometry was used on both Nalm-6.DR4 and Ramos.DR4 cell lines. Data showed that Resv
treatment did not significantly alter surface DR expression (MFI: vehicle 62.9 vs. Resv 50.3)
in Nalm-6 cells [Figure 3(C)]. However, Resv treatment upregulated surface DR expression
(MFI: vehicle 189.2 vs. Resv 413.6) in Ramos cells, which were not statistically significant
as this treatment also increased isotype control values (MFI: vehicle 10.6 vs. Resv 193) as
compared with those of the vehicle group [Figure 3(C)]. Both constitutive and inducible
expression of HLA class 1l gene requires class Il transactivator (CIITA), which is the master
regulator of HLA class Il molecules. Thus, we sought to analyze the role of Resv in CIITA
as well as DRa and DRf gene expression by semi-quantitative PCR (Supplemental Figure
2). Data showed that the CIITA gene expression in lymphoma cells was not significantly
changed, implicating a secondary mechanism responsible for the observed increases in
CDA4+ T cell activation.

As previously mentioned, intracellular proteases especially acidic cathepsins are responsible
for the processing of Ags and class Il molecules within endolysosomal compartments of B-
cells. We investigated if Resv treatment enhances cathepsin processing and generation of
active catalytic subunits, potentially explaining the increases in Ag presentation in B-
lymphoma cells and activation of CD4+ T cells. Western blot analysis of the B-cell
lymphoma cell lines Nalm-6.DR4 and Ramos.DR4 showed increased expression of active

Leuk Lymphoma. Author manuscript; available in PMC 2015 January 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

RADWAN et al.

Page 8

cathepsins S, B, and D [Figure 4(A)] following treatment with low concentration of Resv
(50 uM). Densitometric analysis confirmed that several active forms of cathepsins were
significantly upregulated by Resv treatment [Figure 4(B)]. These active forms of cathepsins
could be involved in both Ag processing (Cat D and B), and class 11/li processing (Cat S),
which could further influence immune recognition of B-cell lymphomas. Western blot
analysis also showed Resv treatment slightly upregulated GILT expression in B-cell
lymphomas Nalm-6.DR4 and Ramos.DR4 [Figure 4]. Previous study has implicated GILT
in many roles in enzymatic processing, including the reduction of oxidized and cysteinylated
proteins and peptides, the enhancement of acidic cathepsin activity, and in upregulating
HLA-DM protein expression [33]. Taken together these results suggest, Resv treatment
increases intracellular pool of HLA class Il proteins, enhances Ag processing by increased
active cathepsins and reductases within endolysosomal compartments of B-lymphoma cells,
potentially contributing to increased activation of CD4+ T cells.

Resv treatment elevates Rab 4B protein expression and enhances endocytic recycling of
HLA class Il molecules in B-lymphoma cells

The presence of increased intracellular class Il expression observed in Figure 3, suggets that
endocytic recycling of class Il could be a potential secondary mechanism responsible for
increased CD4+ T cell activation following Resv treatment. To determine if this increase in
intracellular pool of class Il proteins is the result of enhanced cellular endocytosis and
recycling, experiments were performed utilizing various inhibitors that interfere with
endocytosis and the recycling process. Ramos.DR4 cells were pretreated with vehicle alone
or Resv, and incubated in the presence of either bestatin (a competitive protease inhibitor),
cytochalasin D (microfilament inhibitor), colchicine (microtubule inhibitor), cytochalasin D
(actin polymerization inhibitor) and primaquine (inhibitor of endocytic recycling) for 30
min, followed by the addition of HSAg4.76K Or 1gGk145.159 peptide (10 uM) for 4 h. Cells
were then washed, fixed with 1% paraformaldehyde, and cocultured with the peptide
specific T cells for 24 h. The production of IL-2 was quantitated by ELISA as described
[25,33]. Blocking intracellular microtubule formation, peptidases or microfilament activity
responsible for vesicle trafficking did not alter CD4+ T cell activation [Figure 5(A)].
However, the endocytic recycling inhibitor primaquine significantly reduced Resv treated B-
cell lymphoma activation of CD4+ T cells [Figure 5(B)]. Treatment of cells with primaquine
also reduced endogenous presentation of kappa epitopes by Resv treated Daudi lymphoma
cells [Figure 5(C) and 5(D)]. These results suggest that Resv treatment may enhance
endocytic recycling of HLA class Il proteins in the early endosomal compartments resulting
in increased class Il presentation and immune activation in B-cell lymphomas.

Previous studies have shown endocytic recycling is a highly regulated system under the
control of the small GTPase Rab family of proteins [26,38]. In B cells, Rab 4B has been
identified as the key protein responsible for HLA class Il endocytic recycling [31,39-40].
Thus, studies next examined the mechanism responsible for Resv-induced endocytic
recycling through western blot analysis for Rab 4B protein expression. Ramos.DR4 cells
were treated with 50 pM of Resv and subjected to western blot analysis as outlined in the
methods section. Results showed that Resv treatment enhanced Rab 4B proteins (31/29 kDa)
expression in Ramos.DR4 cells [Figure 6(A)], potentially resulting in increased endocytic
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recycling. To directly measure this effect, Ramos.DR4 cells were treated with either vehicle
alone or Resv (50 uM) and monitored for endocytosis and recycling of HLA class Il and
transferrin receptor (TfR) through the use of biotin labeling on the cell surface, as described
in methods. Results indicated that Resv treatment enhanced class Il endocytosis and
recycling versus vehicle alone (22.1% vs. 7.9%) in Ramos.DR4 cells, and slightly increased
TfR (HLA class I and clathrin dependent endocytosis) recycling as well (11.8% vs. 6.1%)
[Figure 6(B)]. These results confirm Resv treatment enhances HLA class Il endocytic
recycling in B-cell lymphomas resulting in increased Ag presentation and CD4+ T cell
activation.

Discussion

The effectiveness of anti-cancer chemotherapeutics mainly depends on their ability to induce
apoptotic cell death. Unfortunately, they also have the drawback of exhibiting high levels of
treatment-associated toxicities, which are even more pronounced in HIV-positive and
elderly patients [41]. In this regard, the search for natural molecules with limited bystander
toxicity is of paramount importance in treating lymphoma and leukemia. Resv and its
analogs have received a great deal of attention recently because of their well-known anti-
proliferative and anti-tumor activities [42-43]. Particularly relevant functions are its
demonstrated antitumor properties through inhibition of cell proliferation, alteration of
intracellular signaling pathways, and induction of apoptosis [13,44-45]. Here, we have
shown that in addition to the induction of cytotoxicity in a variety of malignancies, low
doses of Resv treatment can enhance immune recognition of B-cell lymphoma via the HLA
class Il pathway.

While chemotherapy treatment has made a major impact on tumor control and remission
particularly in hematological malignancies, it often fails to prevent disease recurrence.
Surprisingly, interactions between cancer chemotherapy and the immune surveillance of
cancer have been given less attention, with some exceptions [46]. It is important that while
gaining the advantage of tumor control with cytotoxic chemotherapy, restoring the immune
system could reinstate much more effective treatment preventing disease recurrence. We and
others have shown that both malignant and nonmalignant B-cells express detectable levels
of HLA class Il proteins, yet, malignant B-cells often escape immune recognition via the
class Il pathway [24,47]. Thus, the induction of effective HLA class Il Ag presentation in B-
cell lymphoma by Resv could aid in the immune surveillance of B-cell malignancies during
cytotoxic drug therapy, improving overall treatment efficacy. Our present investigation
suggests that in addition to apoptosis induction, Resv induces immune activation in B-cell
lymphoma. We have shown that Resv treatment increases the presentation of HLA class I1-
restricted antigenic peptides in B-cell lymphoma. Both exogenous and endogenous pathways
of Ag presentation by B-cell lymphoma are enhanced by Resv. Mechanistic study indicated
that Resv treatment upregulated intracellular class 11 and DM molecules while inducing
apoptotic cell death. Interestingly, endolysosomal active cathepsins (Cat S, Cat B, and D)
and thiol-reductase (GILT) proteins were also increased following Resv treatment of
lymphoma cells. Our previous study demonstrated that GILT colocalizes with acidic
cathepsins and enhances cathepsin activity, increases HLA-DM expression, and processes
oxidized or cysteinylated proteins and peptides [33]. These functions taken together suggest
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a heighten HLA class |1 processing state which could be responsible for some enhanced Ag
processing and presentation within Resv treated B-cell lymphomas. However, intracellular
expression of these proteins does not always correlate with increased surface expression of
HLA class Il or increased activation of CD4+ T cells. Our study indicated no significant
changes in surface class Il protein expression in Resv-treated B-lymphoma cells. These data
suggest that an increased level of intracellular DR expression by Resv might not be
responsible for the increased activation of T cells via the classical class Il presentation
pathway; rather a secondary route of Ag presentation could be activated by Resv treatment
resulting in enhanced T cell activation.

While the HLA class 11 pathway may operate through the classical and non-classical
pathways of Ag presentation, our data suggest that Resv treatment favors endocytic
recycling of class Il and immune activation in B-cell lymphoma. We have previously shown
that the HSAg4-76K peptide requires endocytic recycling while the 19Gk145.159 peptide is
presented via the classical class Il pathway for T cell activation [30-32]. In the present
study, we found that recycling class Il, but not peptide recycling may have played a role in
CDA4+ T cell recognition of Resv-treated B-lymphoma cells. To further understand this
mechanism, the small GTPase Rab 4B which can direct endocytic recycling of HLA class 11
proteins was analyzed. Results showed that Resv treatment upregulated Rab 4B proteins,
supporting the notion that endocytic recycling is enhanced by Resv. However, it was
necessary to determine if Resv treatment was inducing generalized increases in endocytosis
or if the reaction was specific for HLA class Il presentation. Experiments using surface
biotinylation definitively showed that Resv treatment significantly enhanced recycling of
HLA class Il proteins while slightly increased those of the HLA class | associated transferrin
receptor (TfR) complex. Thus, Resv may increase the immune surveillance of B-cell
lymphomas through the recycling class Il pathway while simultaneously reducing tumor
burden through antiproliferative and apoptotic properties.

In summary, low doses of Resv enhance HLA class Il Ag presentation and CD4+ T cell
recognition of B-cell lymphoma. This immunostimulatory role is caused in part by enhanced
DR/DM protein expression as well as an increased processing of cathepsins and reductases
due to Resv treatment. However, Resv does not increase cell surface HLA class 11
expression suggesting a secondary mechanism of T cell activation. This study also found
that Resv treatment increases Rab 4B proteins in B-cell lymphoma, which may be involved
in enhanced HLA class Il endocytic recycling and peptide presentation. Considering that
Resv is not a potent cytotoxic compound when compared with other chemotherapeutics, this
natural drug offers promise of a new combination therapy for improving the ability of
chemotherapy based treatments to destroy cancer cells, while restoring immune defense to
prevent cancer recurrence.
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Figure 1.
Resv treatment restores CD4+ T cell recognition of B-lymphoma. (A) B-lymphoma cell

lines Nalm-6, Ramos and Daudi were retrovirally transduced with a class Il allele HLA-DR4
(DR4B*0401). Cells treated with vehicle alone or Resv were then stained with the HLA-
DR4-specific antibody (359-F10) to confirm cell surface DR4 expression. An isotype-
matched irrelevant antibody, NN4, was used as a specificity control as described in the
method section. Data shown are representative of three independent experiments with
similar patterns. (B—C) HLA class 1l Ag presentation and CD4+ T cell recognition of B-
lymphoma cells were carried out on cells seeded in 96-well plates and treated with vehicle
alone (Control) or Resv (50 uM) for 24 h, followed by addition of 10 uM of human
HSAg4-76x Or HA-fluzg7.319 peptide for another 4 h. Thereafter, cells were washed, and
cocultured with the peptide specific T cells (17.9 for HSAg4.76K and 50.84.17 for HA-
flusgp7-319) as described. The production of IL-2 was measured by ELISA and expressed as
mean IL-2 in pg/ml + SD of triplicate wells. Significant differences were calculated by
student’s t-test; * indicates p <0.05, ** indicates p <0.01.
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Figure 2.

Resv treatment enhances HLA class ll-restricted Ag processing, presentation, and CD4+ T
cell cognition of B-lymphoma cells. (A, B) Briefly, Resv- or vehicle-treated Ramos.DR4
cells were incubated with the whole Ag IgGx for 24 h. (C, D) Another B-lymphoma cell line
Daudi.DR4, which endogenously expresses 1gGxk, was also treated with vehicle alone
(control) or Resv (25 uM and 50 uM) for 24 h as described in the methods. Both cell lines
were washed, and co-cultured with the 1gGk1gg_2g3 or 1gGk145.159 epitope specific T cell
hybridomas (2.18a for «1gg.o93 and 1.21 for k145.159) for 24 h as described. Epitope
presentation was measured by T cell production of IL-2 (pg/ml) which was quantitated by
ELISA. Data are representative of at least three independent experiments. Significant
differences were calculated by student’s t-test; * = p <0.05, ** = p <0.01, ns (not
significant).
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Figure 3.

Resv treatment induces upregulation of intracellular HLA class 1l proteins in B-cell
lymphoma. (A) Western blot analysis of whole cell lysates from Nalm-6.DR4 and
Ramos.DR4 cell lines treated with vehicle alone (control) or Resv (50 uM or 100 pM) for 24
h. Cell lysates were probed with antibodies for HLA-DR, li, and HLA-DM molecules. (B)
Relative density of HLA-DR, li, and HLA-DM protein bands expressed in Nalm-6.DR4 and
Ramos.DR4 cells treated with Resv. Quantitative data were obtained from densitometric
analysis of the protein bands detected in Fig. 3A. B-actin was used as a reference band to
normalize the original protein loading and to quantitate the expression of HLA-DR, li, and
HLA-DM proteins in both control and Resv treated lymphoma cells. (C) Flow cytometric
analysis of cell surface class Il molecules on Nalm-6.DR4 and Ramos.DR4 cells treated with
vehicle alone or Resv. Data are representative of at least three separate experiments.
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Resv treatment modulates endolysosomal cathepsins and GILT in B-cell lymphoma. (A)
Nalm-6.DR4 and Ramos.DR4 cells were treated with vehicle alone or Resv (50 uM) for 24
h. Cells were washed and subjected to western blotting for cathepsins S, B, D, and GILT
proteins. B-actin was used as a loading control. Data are representative of at least three
separate experiments. (B) Densitometric analysis of the protein bands detected in Fig. 4A. B-
actin was used as a reference to quantitate the relative expression of proteins in both control

and Resv-treated lymphoma cells.
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Figureb.
Resv treatment enhances the recycling pathway for Ag presentation by HLA class Il

molecules in B-cell lymphoma. (A) Ramos.DR4 cells were pretreated with vehicle alone or
Resv (50 uM) for overnight and incubated with either bestatin (60 uM), colchicine (40 uM)
or cytochalasin D (40 uM) for 30 min, followed by the addition of HSAg4.76k peptide (10
uM) for 4 h. (B) Ramos.DR4 cells pretreated with vehicle alone or Resv were also incubated
with primaquine (200 pM) for 30 min, followed by the addition of HSAg4.76K OF K145-159
peptide (10 uM) for 4 h. Cells were then washed, fixed with paraformaldehyde (1%) and
cocultured with the peptide specific T cell hybridoma as described in the methods. (C and
D) Daudi.DR4 cells which express endogenous Ig kappa Ag were also pretreated with
vehicle alone or Resv (50 uM), followed by the addition of primaquine for overnight,
washed and cocultured with the k1gg.203 (C) and x145.159 (D) peptide specific T cell
hybridoma. T cell production of IL-2 was measured by ELISA. Data is a representative of at
least three separate experiments. * indicates p <0.01.
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Resv treatment influences Rab 4B protein expression and HLA class 1l recycling in B-cell
lymphoma. (A) Western blot analysis showing an upregulation and cleavage of Rab 4B
proteins (arrow) following Resv treatment of Ramos.DR4 lymphoma cells. Cells were
treated with vehicle alone or 50 uM of Resv for 24 h, and subjected to western blotting for
Rab 4B molecules. Actin was used as a loading control. (B) Ramos.DR4 cells treated with
vehicle alone or Resv were also washed in cold PBS, and biotinylated with sulfo-NHS-SS-
biotin and divided into three groups. Cells in group | were kept on ice while cell in group Il
were warmed (37°C for 15 min) to allow internalization of these biotin-labeled surface
molecules, followed by cleavage of residual biotin from cell surface proteins with a
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glutathione solution as described in the methods. The biotin-labeled endocytosed class 11
proteins were then detected in a capture ELISA, and the percent endocytosis was calculated
as described. Data are representative of triplicate wells, and is expressed as percent class 11
endocytosis/recycling + SEM.
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