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A B S T R A C T

Autophagy is an important mechanism for tumor escape, allowing tumor cells to recover from the damage
induced by chemotherapy, radiation therapy, and immunotherapy and contributing to the development of re-
sistance. The pharmacological inhibition of autophagy contributes to increase the efficacy of antineoplastic
agents. Exposing tumor cells to low concentrations of select autophagy-inducing antineoplastic agents increases
their immunogenicity and enhances their ability to stimulate dendritic cell (DC) maturation. We tested whether
the application of an autophagy-inhibiting agent, chloroquine (CQ), in combination with low concentrations of
5-fluorouracil (5-FU) increases the ability of tumor cells to induce DC maturation. DCs sensitized with the lysate
of HCT-116 cells previously exposed to such a combination enhanced the DC maturation/activation ability.
These matured DCs also increased the allogeneic responsiveness of both CD4+ and CD8+ T cells, which showed
a greater proliferative response than those from DCs sensitized with control lysates. The T cells expanded in such
cocultures were CD69+ and PD-1- and produced higher levels of IFN-γ and lower levels of IL-10, consistent with
the preferential activation of Th1 cells. Cocultures of autologous DCs and lymphocytes improved the generation
of cytotoxic T lymphocytes, as assessed by the expression of CD107a, perforin, and granzyme B. The drug
combination increased the expression of genes related to the CEACAM family (BECN1, ATGs, MAPLC3B, ULK1,
SQSTM1) and tumor suppressors (PCBP1). Furthermore, the decreased expression of genes related to metastasis
and tumor progression (BNIP3, BNIP3L, FOSL2, HES1, LAMB3, LOXL2, NDRG1, P4HA1, PIK3R2) was noted. The
combination of 5-FU and CQ increases the ability of tumor cells to drive DC maturation and enhances the ability
of DCs to stimulate T cell responses.

1. Introduction

Colorectal cancer (CRC) is the third most frequent cancer observed
worldwide [1], with 40,990 new cases expected for 2020 in Brazil [2].
Conventional therapy for patients with CRC is based on total or partial
colectomy, usually followed by neoadjuvant or adjuvant chemotherapy
[3] with a fluoropyrimidine, oxaliplatin, irinotecan and/or taxanes [4].
The success of chemotherapy is often complicated by metastases and

relapsing disease associated with the development of drug resistance
[5]. One of the mechanisms responsible for drug resistance is autop-
hagy, a selective cellular degradation process in which cytosolic pro-
teins and organelles are sequestered into double-membrane autopha-
gosomes that fuse with lysosome for the recycling of macromolecules
[6,7]. This process is also triggered to generate amino acids, nucleo-
tides, and fatty acids under conditions of nutrient deprivation [8].
Other types of stress can also trigger autophagy, such as genomic stress,
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endoplasmic reticulum stress, intracellular infections, and exposure to
drugs [9].

We have previously observed that certain chemotherapeutic agents
at ultra-low concentrations can modulate signaling pathways and in-
duce cytokines, such as IL-12, IL-10, IL-4, and TNF-α [10], without
inducing apoptosis. Treatment of HCT-116 colorectal cancer cells with
a nontoxic concentration of paclitaxel alters the expression of several
genes, especially those responsible for the synthesis of heat shock
proteins, components of the antigen processing machinery (APM) and
tumor-associated antigens [11]. The increased immunogenicity of
tumor cells induced by drug exposure is dependent on the onset of so-
called immunogenic cell death, with increased expression of danger
signals (e.g., danger-associated molecular patterns; DAMPs) such as
calreticulin, heat shock proteins, ATP, and high mobility group box 1
(HMGB-1) [12–16]. Consistent with this notion, we also observed that
exposing HCT-116 cells to a nontoxic concentration of paclitaxel or
doxorubicin causes transcriptional alterations in several genes asso-
ciated with the expression of tumor antigens [17]. In addition, dendritic
cells (DCs) sensitized with the lysate of HCT-116 cells that were pre-
viously treated with low concentrations of paclitaxel induced cytotoxic
T lymphocytes (CTLs) with higher lytic potential than did the DCs
sensitized with untreated tumor cells [17].

More recently, combining antineoplastic agents with autophagy
blockers as a therapeutic approach for treating cancer patients has been
proposed. Exposing human colorectal cancer cells to 5-fluorouracil (5-
FU) enhances autophagy in a considerable portion of these cells [18].
Exposure of these cells to the antimalarial drugs chloroquine (CQ),
hydroxychloroquine, or mefloquine (quinolones) reduces autophagy
and increases the susceptibility of cells to chemotherapy [19]. Quino-
lones function as weak bases that passively diffuse into the lysosomes
where they are protonated and prevented from leaving this vesicle.
Their presence increases the lysosome pH, interrupting its functions and
preventing the end of autophagy [20,21]. As anti-inflammatory drugs,
quinolones have been used to treat some autoimmune diseases [22].
Currently, there are a number of clinical trials and experimental studies
focusing on the feasibility of using CQ and hydroxychloroquine against
SARS-CoV-2 (COVID-19) [23,24] . In addition, the combination of CQ
and antineoplastic drugs enhances the clinical response in patients with
breast [25] and kidney cancer [26], showing a synergistic effect on the
activation of mTOR (mammalian target of rapamycin), inhibiting au-
tophagy, and thus increasing tumor cell death. No studies on the in-
duction of autophagy in tumor cells treated with ultra-low doses of
chemotherapeutic agents are available, and little is known about the
effect of this phenomenon on the immunogenicity of tumor cells. Fur-
thermore, there are no reports on the effects of using CQ combined with
other drugs on the functions of immunocompetent cells such as lym-
phocytes or DCs.

In the present study, we tested the hypothesis that the application of
CQ in combination with low concentrations of 5-FU blocks autophagy
in tumor cells and promotes DC maturation, increasing their ability to
enhance T lymphocyte cytotoxic granule expression.

We found that exposing HCT-116 cells to this combination induced
transcriptional changes, and DCs treated with HCT-116 lysate showed
an improved ability to stimulate the proliferation of allogeneic T cells
and to enhance the generation of cytotoxic CD8+ T cells. These results
lead us to conclude that antigenic and transcriptional changes induced
in tumor cells by the combination of CQ and low concentrations of 5-FU
can be used as a basis for developing better DC-based antitumor re-
active T cells.

2. Materials and methods

2.1. Culture and treatments of colorectal cancer HCT-116 cells

The human colon cancer cell line HCT-116 was authenticated by
DNA STR profiling using the GenePrint 10 commercial system

(Promega, Madison, WI, USA) at the Viral Carcinogenesis and Cancer
Biology Research Group, Institute of Biotechnology (IBTEC), Sao Paulo
State University (UNESP). These cells were authenticated as myco-
plasma-free and were cultured in 150 cm2 culture bottles in RMPI-1640
medium (Gibco) supplemented with 10% FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 10 mM
HEPES, and 1% antibiotics/antimycotics solution (Life Technologies).
The cells were cultured at 37˚C under a 5% CO2 atmosphere. After 24 h
of culturing, the cells were treated with 80 µM CQ for 18 h, and then the
minimum effective concentration of 5-fluorouracil (20 µM) (Eurofarma)
was added and the cells were cultured for a further 24 h. The cells were
then detached with trypsin and washed before subsequent analysis or
were cryopreserved for the further preparation of cell lysates. The CQ
and 5-FU concentrations and the incubation times were previously
determined by MTT-based cytotoxicity assay. For this, 2x103 cells were
plated in 96-well flat-bottomed culture plates and incubated with
variable concentrations of CQ (80 to 200 µM) and 5-FU (0.06 to
100 µM). Increased optical density due to formazan reduction was read
by a spectrophotometer to evaluate the toxic effect of the drug con-
centrations.

2.2. Analysis of cell viability and death

The concentration of HCT-116 cells was adjusted to 105 cells/mL
and cultured overnight in a 24-well plate. The cells were treated with
CQ overnight, followed by exposure to 5-FU for 24 h. As a positive
control of cell death, cells were heated at 59 °C for 20 min. The cells
were detached by trypsinization and centrifuged at 1200 rpm for
10 min. The pellet was suspended in 100 µl of cold PBS and centrifuged
at 10,000 rpm for 30 sec. The cell pellet was resuspended in 100 μl of
annexin buffer solution and incubated with annexin V at room tem-
perature and protected from light. After incubation, 200 μl of the an-
nexin buffer was added. Finally, the cells were stained with 7-amino-
actinomycin D (7AAD) to assess viability and were analyzed by flow
cytometry.

2.3. HCT-116 lysate

Cryopreserved aliquots were thawed in a 37 °C water bath for 3 min
and then quickly refrozen in liquid nitrogen for 3 min (freeze/thaw
cycle). This process was repeated five times. The samples were then
centrifuged at 14,000 rpm for 15 min, and the supernatant was treated
with 70 μl/mL of protease inhibitor (Halt ™ Protease Inhibitor Cocktail
ThermoFisher), followed by storage at −80 °C. The total protein was
quantified using a ThermoFisher BCA Protein Assay Kit, and samples
were aliquoted (100 μg protein) and stored at −80 °C.

2.4. Western blot

Briefly, 40 μg of cell lysate proteins derived from each of the four
treatment groups (WT, CQ, 5-FU, and 5-FU + CQ) were diluted in gel
electrophoresis sample buffer and heated at 95 °C for 10 min. The
proteins were separated on a polyacrylamide gel and then transferred to
a polyvinylidene difluoride membrane. Nonspecific binding of proteins
was blocked by incubating the membranes in 5% low-fat milk in PBS-
Tween buffer for 1 h at room temperature. The membranes were sub-
sequently incubated overnight with antigen-specific primary antibodies
for autophagy markers: LC3-II (#2775 s Cell Signaling Technologies)
and SQSTM1 (#pm045 MBL Intern. Corp.); secondary anti-rabbit
(#A0545 Sigma) and anti-mouse (#A9044 Sigma) antibodies were
applied, respectively. GAPDH (#g8795 Sigma) was used as a house-
keeping gene. The membranes were washed with PBS-Tween buffer for
30 min and developed with enhanced chemoluminescence im-
munoreactive reagent and read on a UVITEC Cambridge photo-
documentation system.
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2.5. Ultrastructural analysis by transmission electron microscopy

Approximately 106 cells were cultured overnight in a 6-well culture
plate and were treated with CQ and 5-FU according to the above-
mentioned protocol . After incubation, cell monolayers were trypsi-
nized, and the collected cells were centrifuged for 10 min at 1,200 rpm
at 20 °C. The samples were fixed in 1 mL of Karnovsky's solution, post-
fixed in 1% osmium tetroxide in 0.1 M phosphate buffer at pH 7.3,
incubated in 0.5% uranyl acetate in aqueous solution; dehydrated in a
gradient series of acetone solutions, and embedded in Araldite glue. The
ultrafine sections (50 nm) were contrasted with saturated uranyl
acetate and lead citrate solutions and observed using a Tecnai Spirit
(FEI Company) electron microscope at 80 kV.

2.6. Human monocyte-derived dendritic cells

DCs were differentiated in vitro from the peripheral blood adherent
mononuclear cells (PBMCs) of six healthy donors. The PBMCs were
obtained by centrifugation through a Ficoll-isopaque gradient, sus-
pended in AIM-V culture medium (Invitrogen), and seeded in 6-well
culture plates (1x106/per well). After incubating for 1 h at 37˚C, non-
adherent cells were removed and adherent monocytes were cultured in
complete culture medium containing 80 ng/ml recombinant human
GM-CSF and IL-4 (PeproTech) for 5 days. They were then treated with
HCT-116 lysate (100 µg per 106 DCs) and kept in culture for an addi-
tional 48 h. Immature DCs were submitted to seven different culture
conditions: DCs (untreated immature DCs); WT (DCs exposed to the
lysate of untreated HCT-116 cells); CQ (DCs exposed to the lysate of
HCT-116 cells that were pretreated with 80 µM of CQ), 5-FU (DCs ex-
posed to the lysate of HCT-116 cells that were pretreated with 20 µM of
5-FU), and 5-FU + CQ (DCs exposed to the lysate of HCT-116 cells that
were pretreated with 20 µM of 5-FU and 80 µM of CQ). All procedures
involving both normal and transformed human cells were approved by
the Ethics Committee of the Botucatu School of Medicine – UNESP (CEP
# 2.258.145).

2.7. DC phenotyping

The lysate-exposed and control DCs were incubated with fluorescent
monoclonal antibodies for 30 min and washed with PBS containing
0.1% bovine serum albumin (BSA) and 0.1% sodium azide. The DCs
were incubated with labeled antibodies (HLA-DR-PE, CD11c-APC,
CD83-PE-Cy7, CD80-APC-H7, and CD86-FITC (BD Biosciences) for
20 min at 4 °C and then washed with PBS-BSA. The cells were sus-
pended in 100 µl of PBS-BSA, and the samples were read in a
FACSCanto II cytometer (Becton-Dickinson) and analyzed using
FlowJo, version 7.2.4.

2.8. Mixed lymphocyte reaction assay (MLR)

The functional activity of DCs was first evaluated through their
ability to stimulate the proliferation of normal allogeneic T lympho-
cytes. DCs from six different donors were cocultured with allogeneic T
lymphocytes (previously marked with carboxyfluorescein succinyl ester
(CFSE)) in flat-bottomed 96-well plates in a 1:10 (104:105) DCs: lym-
phocyte ratio. Cells were harvested five days later, and the lymphocyte
proliferation was analyzed by flow cytometry based on the dilution of
CFSE in the replicant cells. We also analyzed the expression of PD-1 and
CD69 on CD3+ cells using anti-PD-1-PE and CD69-APC-H7 (BD
Pharmingen).

2.9. IFN-γ and IL-10 detection

Supernatants of the MLR assay were collected and preserved at
−80˚C. These samples were analyzed for the in vitro synthesis of IFN-γ
and IL-10 using an ELISA kit according to the manufacturer's

instructions (R&D Systems).

2.10. Generation of cytolytic T lymphocytes and antitumor cytotoxicity
assay

To generate specific antitumor T cells, DCs were cocultured with an
autologous T lymphocyte-rich suspension in a 1:10 DC:lymphocyte
ratio (104:105) in complete culture medium supplemented with IL-7
(5 ng/ml) and IL-2 (40 IU/ml). The culture was pulsed with IL-2 every
two days for 14 days. On day 14, the lymphocytes were harvested and
evaluated for their cytotoxic activity against HCT-116 target cells. A
lymphocytotoxicity assay was performed by adding the in vitro-gener-
ated lymphocytes to HCT-116 monolayer cells in different effector:
target ratios (15:1, 7.5:1 and 3.25:1). Anti-CD107a-APC was added to
these cocultures and incubated for 5 h at 37˚C in an atmosphere con-
taining 5% CO2. The cells were then harvested and washed with 0.1%
BSA in PBS and treated with the Cytofix/CytoPerm kit (BD
Pharmingen). Finally, the cells were labeled with anti-perforin-Alexa
488 and anti-granzyme-PE antibodies and analyzed by flow cytometry.

2.11. Tumor cell transcription

To investigate how treatment with the combination of CQ and 5-FU
changes tumor cell gene expression, we performed a transcription
analysis of these cells. Total RNA was extracted using a QIAGEN RNeasy
Plus Micro Kit. RNA was quantified using an RNA HS Assay Kit
(Invitrogen) and a QBIT® system. The quality of RNA was analyzed
using an Agilent RNA 6000 chip in a Bioanalyzer 2100 system. Only
samples with an RNA integrity number higher than 8.0 (optimal
quality) were processed.

All indications and steps of the Sure Select Strand-Specific RNA
Library Preparation Kit were followed, and the dsDNA libraries of each
treatment group with the adapters and index were analyzed on the
Illumina Miseq platform. After obtaining the data, the reads were as-
sembled based on the sequences of each transcript of interest using the
CLC Genomics Workbench program. The effect of the treatments on
gene expression was evaluated by comparing the fold change in RNA
expression of the samples with that of the untreated control.

2.12. Statistical analysis

Homogeneity of variance was accessed by the Bartlett test, and the
data were analyzed by analysis of variance (ANOVA) followed by the
Tukey–Kramer test for multiple comparisons. Differences were con-
sidered significant when the error probability was less than or equal to
5% (p ≤ 0.05).

3. Results

3.1. Combination of chloroquine and 5-FU blocks autophagy

We first verified whether the working concentrations of CQ and 5-
FU were able to block autophagy. Proteins extracted from untreated
tumor cells (WT) or cells treated with either chloroquine (80 µM) or 5-
fluorouracil (20 µM) or those treated with the combination of drugs (5-
FU + CQ) were analyzed by western blot to evaluate the accumulation
of LC3-II and SQSTM1 (both autophagic markers). We observed slightly
increased LC3-II expression when treating with CQ alone, while the
combination of CQ and 5-FU resulted in higher LC3-II expression.
Interestingly, treatment with 5-FU alone induced a slight increase of
LC3-II expression, indicating the induction of autophagy, as confirmed
by the lower intensity of SQSTM1 in this group (Fig. 1A).

3.2. Ultrastructural changes induced by 5-FU and CQ in HCT-116 cells

To reinforce the cytometric results of the induction and inhibition of
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autophagy and the induction of apoptosis, we used transmission elec-
tron microscopy to analyze the cells under different treatments. Cells
treated with 5-FU showed double-membrane vesicles (autophago-
somes) and single-membrane vesicles containing degraded material
(autophagolysosomes) in the cytoplasm (Fig. 1D). By contrast, the
control cells showed a very small number of autophagosomes con-
taining flocculated and degraded material in addition to containing
mitochondria and some rough endoplasmic reticulum cisterns (Fig. 1B).
In the 5-FU + CQ combined treatment, the size of autophagosomes
appeared to increase within the cytoplasm, and these vesicles exhibited
different filler contents. Some vesicles had heterogeneous electron-
dense material inside them, and others showed myelin figures and
electron-lucent degraded material, indicating that some autophago-
somes were not engaged in the digestion process and that the process of
digestion was blocked. There was a clear accumulation of autophago-
somes containing undigested organelles, demonstrating the failure or
inhibition of autophagolysosome formation (Fig. 1E). This finding is in
agreement with previous studies [27–30].

3.3. Enhanced cytotoxic action of 5-FU by inhibiting autophagy with
chloroquine

Table 1 shows the number of HCT-116 cells after incubation with

CQ, 5-FU or the combination of both drugs (five independent assays).
While CQ alone had a discrete effect on cell growth, 5-FU reduced the
number of cells to approximately 50% of the control culture. The

Fig. 1. Autophagy Inhibition prior to
Chemotherapy Treatment of HCT-116
cells. Cells were treated with 80 μM CQ
overnight and then treated with the
minimum effective concentration of 5-
FU (20 µM) for 24 h. A portion of these
cells was lysed, and the total proteins
were analyzed by western blot for LC3-
II and SQSTM1 (A). GAPDH was used as
a housekeeping gene (C). The re-
maining cells were analyzed by trans-
mission electron microscopy (B-E).
N = nucleus; green arrow: autophago-
some; yellow arrow: autophagosome
with undigested organelles; blue arrow:
autophagolysosomes (vesicles with de-
graded material). Groups: Control (B),
CQ (C), 5-FU (D), 5-FU + CQ (E).

Table 1
Number of HCT-116 cells following treatment with CQ, 5-FU, or the combi-
nation of both drugs. CTRL refers to untreated cells cultured in regular culture
medium. Each column refers to an independent assay (cultured on different
days).

HC-T116 cell counting (x 107)

Treatment Assay 1 Assay 2 Assay 3 Assay 4 Assay 5

CTRL 6.7 6.5 6.3 6.4 6.4
CQ 5.7 5.1 5.6 5.2 5.3
5-FU 3.0 3.4 3.5 3.1 3.3
5-FU + CQ 1.2 1.5 1.3 1.2 1.4

Cells were cultured in 75 cm2 culture flasks until achieving 60% confluence and
then either CQ 20 mM (24 h), 5-FU 20 mM (24 h), or the combination of both
drugs (24 h + 24 h) was added. Cells were detached by trypsinization and
counted. The cell viability was evaluated by the trypan blue exclusion test, and
no differences of viability were observed among the cell suspensions (all greater
than 94%). CTRL refers to untreated cells cultured in regular culture medium.
Each column refers to an independent assay (cultured on different days).
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combination of 5-FU and CQ strongly inhibited cell growth in the cul-
tures.

Fig. 2 shows that early apoptosis (annexin V+) was the pre-
dominant type of cell death induced by the treatments. 5-FU alone
(Fig. 2D) increased by four times the annexin V labeling compared to
the control (Fig. 2B), while its combination with CQ increased early
apoptosis in ten times compared with the same control (Fig. 2E), and
around twice compared with 5-FU alone.

3.4. Treatment of tumor cells with CQ plus 5-FU enhances their ability to
induce DC maturation

Fig. 3 illustrates the effect of the HCT-116 lysates on the DC phe-
notype, highlighting the overall increase in the percentage of cells ex-
pressing maturation or activation markers CD83, CD80, CD86, and
HLA-DR. The percentage of cells expressing the CD83 marker increased
from 74 ± 3.4% in WT to more than 90% in the groups exposed to 5-
FU + CQ. Cell markers associated with DC maturation (CD80, CD86,
and HLA-DR) increased from 53.5 ± 2.7%; 74.5 ± 1.2%, and
65.9 ± 3.2% in the WT control to 63.7 ± 5.1%; 92.7 ± 1.5%, re-
spectively, and to 68.7 ± 2.5%, 93.5 ± 1.12% and 86.3 ± 2.4% in
cells treated with 5-FU + CQ, respectively. Although treating HCT-116
cells with CQ or 5-FU alone increase the immunogenic effect on DCs,
this effect was not as intense as seen in the drug combination.

3.5. DCs sensitized with lysates from HCT-116 cells pretreated with CQ and
5-FU showed an enhanced allogeneic response

Given the effect of HCT-116 lysates on the maturation and activa-
tion of DCs from healthy individuals, we analyzed whether phenotypic
changes were accompanied by changes in DC function. The MLR assay
was used to evaluate the effect of HCT-116 lysates on the ability of DCs

to induce an allogeneic response. This study was performed only with
the combination of CQ and 5-FU, which presented the most relevant
phenotypic changes. Fig. 4A shows the proliferative response of total
CD3 lymphocytes, while Fig. 4B and C show the proliferation of CD4+
and CD8+ cells, respectively. Although the exposure of HCT-116 cells
to CQ alone increased the DC maturation compared to WT, this effect
was not as intense as the drug combination. Our results showed a
marked effect on the proliferation of CD4+ T lymphocytes when DCs
were sensitized with lysates from HCT-116 cells that were pretreated
with 20 μM 5-FU + CQ.

3.6. Lymphocytes responding to allogeneic stimulation showed an activated
cell profile

CD69, a marker of activated T lymphocytes, and PD-1, the check-
point ligand of PD-L1 expressed by tumor cells, were assessed on DC-
stimulated T cells. Fig. 4D-G indicates that lymphocytes generated
through exposure to DC 5-FU + CQ had a high frequency of CD69+
expression, both among CD4+ T lymphocytes (30.7 ± 2.7%) and
CD8+ lymphocytes (41.6 ± 3.2% and 42.5 ± 2.9%, respectively). In
contrast, the expression of the regulatory marker PD-1 was lower in
these lymphocytes, especially in CD4+ cells (5-FU + CQ:
16.5 ± 1.3%).

3.7. HCT-116 treated with 5-FU + CQ showed an increased ability to
induce a Th1 response

As shown in Fig. 4H, DCs exposed to the lysates of HCT-116 cells
that were treated with 5-FU + CQ had an increased ability to induce
the production of IFN-γ via allogeneic lymphocytes. The levels of IFN-γ
increased from 171.1 ± 11.4 pg/ml (WT) to 195.7 ± 16.5 pg/ml
(CQ) and 389.3 ± 19.8 pg/ml (5-FU + CQ). Conversely, Fig. 4I shows

Fig. 2. The combination of chloroquine and 5-FU induced apoptosis in HCT-116 cells. HCT-116 tumor cells were treated or not with 80 µM CQ overnight.
Subsequently, they were treated or not with the minimum nontoxic or effective dose of 5-FU. After 24 h, the cells were trypsinized and stained with annexin V and
7AAD to assess apoptosis and necrosis (A). Pseudocolor showing cell size (FSC) and granularity (SSC), with analysis gate (B). Negative Control (C). Treatment with
QC (D). Treatment with 5-FU (E). Treatment with QC + 5-FU (F).
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that DC exposure to the lysates decreased the ability of DC-stimulated T
cells to secrete IL-10, reducing the levels from 46.8 ± 6.3 pg/ml (WT)
to 28.7 ± 7.2 pg/ml (CQ) and 8.2 ± 3.7 pg/ml (5-FU + CQ).

3.8. Dcs treated with lysate enhanced the in vitro generation of CTLs

Our analysis of cytotoxic T lymphocytes was restricted to the ex-
pression of perforin and granzyme B molecules. We tested the efficiency
of HCT-116 lysate-treated DCs to generate autologous tumor-reactive T
cells. We found that lymphocytes cultured with DCs exposed to lysates
of HCT-116 cells treated with 5-FU + CQ induced the generation of
lymphocytes with higher levels of perforin and granzyme B than in
those cultured with control DCs (Fig. 5). No differences were observed
upon labeling with anti-CD107a (data not shown).

3.9. Transcriptional changes associated with autophagy blockade

To better understand the increase of DC maturation associated with
blocking autophagy, we evaluated HCT-116 cells treated with 5-FU, CQ
and their combination. The gene fold change was used to identify sig-
nificant differences in gene expression among the groups (Table 2). CQ-

treated cells showed a modest increase in the expression of the autop-
hagy genes ATGs, SQSTM1, MAP1LC3B, and ULK1 and a considerable
decrease in genes related to tumor progression (BNIP3, BNIP3L, FOSL2,
HES1, LAMB3, LOXL2, NDRG1, P4HA1, and PIK3R2), as well as a de-
crease in nominal tumor antigens (members of the CEA family).
Treatment with 5-FU induced an increase in autophagy genes. In con-
trast with the CQ group, we did not observe such an intense decrease in
the genes related to tumor progression, while the expression of CEA
genes was increased. Cells treated with 5-FU + CQ showed an in-
creased expression of autophagy genes, as well as an increase in genes
of the CEA family. Unlike the 5-FU group, the expression of genes as-
sociated with tumor progression was decreased.

4. Discussion

The development of resistance to antitumor agents is one of the
primary challenges of modern cancer therapy. Here, we investigated
the effects of treating tumor cells with a combination of 5-FU and CQ.
The concentration of 20 μM 5-FU was chosen because it was the lowest
concentration capable of inhibiting tumor growth and may, therefore,
represent a suitable in vitro model of the metronomic dose used in the

Fig. 3. Lysates of HCT-116 exposed to 5-FU + CQ increase DC maturation and activation. DCs from six healthy donors were exposed to the lysates of HCT-116 cells
previously treated with the minimal effective concentrations of 5-FU or its combination with CQ (5-FU + CQ). WT refers to DCs pulsed with the lysate of untreated
HCT-116 cells, and CTRL refers to unstimulated DCs. Scatter plots illustrate the percentages of DCs (CD11c+) that co-express the markers CD83 (A), HLA-DR (B),
CD80 (C), and CD86 (D). The mean and standard deviation of the six individual donors was analyzed by ANOVA. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.005.
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clinic [31]. Although CQ has previously been applied in combination
with several antineoplastic agents, a study using low concentrations of
the drug has not yet been reported.

Increased LC3-II and SQSTM1 levels are currently used as suitable
markers of effective autophagy inhibition. When autophagy is blocked
by CQ, LC3-II accumulates [32]. SQSTM1 binds to ubiquitinated pro-
teins, especially LC3-II, forming part of the autophagosome wall. Thus,
if autophagy is enhanced, SQSTM1 is degraded. Inhibiting autophagy
promotes the accumulation of SQSTM1, as well as LC3-II [33]. Low
concentrations of 5-FU increased autophagy in HCT-116 cells, while CQ
was able to inhibit the process, as evidenced by the accumulation of

LC3-II. The analysis of SQSTM1 expression is consistent with con-
stitutive autophagy in HCT-116 cells [34].

Autophagy induction by 5-FU was also confirmed by transcriptome
analysis that showed an increase in expression of the autophagy-asso-
ciated genes ATGs, SQSTM1, MAP1LC3B, BECN1, and ULK1. Their
expression was enhanced when applying the combination of 5-
FU + CQ. The increased expression of LC3B and BECN1 under stress
conditions is consistent with previous reports [35,36].

Ultrastructural analysis revealed that the untreated control cells had
negligible expression of autophagosomes and autophagolysosomes,
while those treated with CQ showed increased numbers of

Fig. 4. Improved DC antigen-presenting function induced by lysates of HCT-116 treated with 5-FU + CQ. DCs were exposed to HCT-116 lysates and cocultured with
allogeneic lymphocytes for 5 days. Growing total lymphocytes (CD3+ cells) were quantified by flow cytometry (A), as were CD4+ and CD8+ cells (B; C) (N = 9; *
p ≤ 0.05; ** p ≤ 0.01). The CD4+ and CD8+ T lymphocytes were further analyzed separately for the expression of CD69 (activation marker) and PD-1 (regulatory
molecule) (D-G; * p ≤ 0.05; ** p ≤ 0.02). MLR supernatants were collected and analyzed for the secretion of IFN-γ (H) and IL-10 (I) by ELISA (*** p ≤ 0.01).
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autophagosomes in the cytoplasm. Cells treated with 5-FU showed an
evident increase in the number of autophagolysosomes containing de-
graded material, indicating the induction of autophagy and the com-
pletion of the process, consistent with prior reports [28–30,37,38]. The
combined treatment of CQ and 20 µM 5-FU induced intense accumu-
lation of cytoplasmic vesicles in several stages, especially autophago-
somes containing undigested material. We also found cells with signs of
autophagic and apoptotic death, such as cytoplasmic vacuolization,
chromatin rarefaction (reduction of heterochromatic groups associated
with the nuclear envelope), altered mitochondrial morphology (dilation
of the cristae), and dilation of the nuclear envelope, which also agrees
with previous reports [39,40]. This phenomenon was confirmed by the
observation that CQ + 5-FU treatment strongly reduced cell pro-
liferation and induced early apoptosis in tumor cells, although CQ or 5-
FU alone had no apparent effect on cell viability. 5-Fluorouracil induces
apoptosis in cancer cells [41], and the inhibition of autophagy by CQ

can potentiate the cytotoxicity of 5-FU. This occurs because the accu-
mulation of vesicles in the cytoplasm due to incomplete autophagy can
cause oxidative stress and lead to cell death. Based on this information,
we aimed to confirm whether the toxicity of low 5-FU concentrations
would be enhanced by CQ. In this study, the apoptosis and cell death
results showed that 5-FU + CQ increased the levels of early apoptosis
even though the drug concentrations had only a negligible effect if
applied alone.

Analyzing the effects of CQ + 5-FU treatment on the im-
munogenicity of tumor cells revealed that DC exposure to the lysate of
HCT-116 cells treated with drug enhanced the maturation of antigen-
presenting cells. DC maturation is required for increased antigen-pre-
senting ability and is accompanied by phenotypic changes, such as in-
creased expression of MHC class II and co-stimulatory molecule ex-
pression. CD40, CD80, and CD86 expression are essential for T
lymphocyte stimulation [42]. In addition to being a maturation marker,
CD83 modulates the immune response by stimulating both naive and
memory T cells [43]. CD83 expression was also enhanced by the drug
combination. Although apoptotic cell death is considered non-im-
munogenic or weakly immunogenic, it is possible that apoptosis in-
duced by the blockage of autophagy results in the expression of danger
signals (e.g., DAMPs) that are usually not expressed during physiolo-
gical apoptosis. In a parallel study, we observed that exposing HCT-116
cells to low concentrations of paclitaxel induces the expression of HSP-
70 and 90 (unpublished data). In the present study, we observed a small
increase in the expression of HSP-70 but irrelevant changes in the HSP-
90 and HMGB genes. These findings indicated that the enhanced ability
to sensitize DCs is mainly due to the increased expression of the tumor-
associated genes of the CEA family (CEACAM 1, 5, 6, and 7).

In another study, we found that exposing HCT-116 cells to low doses
of paclitaxel or doxorubicin increased the expression of several genes
associated with enhanced tumor immunogenicity [11]. Total RNA ex-
tracted from HCT-116 colorectal cancer cells treated with 5-FU was
more immunogenic when transfected into DCs [44]. Exposing tumor
cells to other drugs such as paclitaxel and doxorubicin increases the
expression of the antigen processing machinery via the cytosolic route,
such as TAP1, tapasin, and calnexin [11]. This view is reinforced by the
observation that chemical stress triggers the cell surface expression of
calreticulin (CALR) [12], another molecule promoting the antigenic
processing of tumor cells. Interestingly, CALR moves from the en-
doplasmic reticulum (where it functions as an APM component) to the
cytoplasmic membrane, where it serves as a potent activating signal.
CALR, together with HMGB1, plays an important role in the phenotypic
maturation of DCs, increasing HLA-DR, CD80, and CD86 expression and
functional maturation, as well as enhancing the secretion of IL-12 and
INF-γ [45].

This enhancing effect on tumor cell immunogenicity was reinforced
by our demonstration that the cell lysates had a functional effect on
DCs. Indeed, the mixed lymphocyte reaction (MLR) allowed us to de-
monstrate that the phenotypic changes observed in DCs are accom-
panied by an improvement in their ability to stimulate allogeneic
lymphocytes. Specifically, DCs sensitized with the lysates of HCT-116

Fig. 5. In vitro generation of cytotoxic T
lymphocytes (CTLs) is improved by DCs
exposed to lysates of HCT-116 previously
treated with 5-FU + CQ. Mean fluorescence
intensity (MFI) of proliferating CD8+ cells
(A) of four healthy donors at individual ef-
fector:target ratios (3.25:1, 7.5:1, and 15:1).
These lymphocytes showed higher expres-
sion levels of the cytotoxicity markers per-
forin (MFI 15:1 ratio, 5-FU + CQ > WT
(p < 0.05)) and granzyme B (MFI 7.5:1
ratio, 5-FU + CQ > WT (p < 0.05); MFI
15:1 ratio, 5-FU + CQ > WT (p < 0.05))
compared to the WT control group.

Table 2
Fold change expression of selected genes by tumor cells, comparing untreated
cells (WT) with those treated with CQ, 5FU or CQ + 5FU.

Gene functions Gene name WT vs CQ WT vs 5-
FU

WT vs
5-FU + CQ

Autophagy- ATG12 1.7 3.2 7.1
ATG5 1.9 4.5 6.4
MAP1LC3B 1.8 2.3 5.7
ULK1 1.2 2.4 5.2
SQSTM1 2.1 1.9 4.8
BECN1 0.8 5.8 2.5
BNIP3 −4.36 −1.36 −4.11
BNIP3L −4.06 −1.2 −3.85

Cell adhesion CEACAM5 −0.9 1.5 8.4
CEACAM6 −1.3 2.4 6.5
CEACAM7 −2.1 1.7 5.2
CEACAM1 −1.2 2.1 5.7
HES1 −3.16 −0.5 −7.1
FOSL2 −4.72 −0.72 −3.6
NDRG1 −10.43 −1.43 −6.11

Catalytic activity PIK3R2 −1.2 −3.97 −4.2
PGK1 −2.59 −0.2 −2.59
LOXL2 −4.8 −0.9 −2.85
PGK1 −2.59 −0.2 −2.59
ALDOC −8.14 −1.14 −7.52
ANGPTL4 −6.25 −1.25 −5.93

Structural molecule
activity

LAMB3 −4.26 −0.76 −3.59

Heat shock proteins
and HMGBs

HMGB1 1.02 1.9 1.12
HMGB2 0.98 1.87 1.05
HMGB3 0.2 0.5 0.347
DNAJB1
(HSP40)

1.17 1.5 0.85

HSP1A
(HSP70)

2.67 2.82 3.38

HSP90AB1
(HSP90)

1.45 2.97 1.52

Oxidoreductase P4HA1 −6.53 −1.1 −6.89
RNA binding PCBP1 1.2 2.86 8.26
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cells treated with 5-FU + CQ promoted the enhanced proliferation of
lymphocytes in the MLR.

The more intense proliferative effect on CD4+ T lymphocytes is
also in agreement with their ability to interact with the HLA-DR mo-
lecules expressed by DCs. Furthermore, the increased proliferation of
CD8+ T lymphocytes suggests the generation of cytotoxic T lympho-
cytes that are specific for tumor cells (since their proliferation was
stimulated by DCs sensitized with HCT-116 lysates). Aiming to confirm
that the combination of 5-FU and CQ can stimulate the proliferation of
CD8+ lymphocytes, we performed a CTL assay, which, unlike the MLR,
tests the ability of DCs to stimulate the proliferation of autologous
CD8+ lymphocytes that target tumor cells [46]. Our main difficulty
when evaluating the direct cytotoxicity of CTLs against target cells is
that HCT-116 cells are adherent, but most available assays for this
purpose work well for cells in suspension and are not reliable for ad-
herent cell types. There are some chemiluminescence-based assays for
this, but we were unable to acquire the appropriate kit. Therefore, we
decided to evaluate the expression of perforin and granzyme B by CTLs
challenged with tumor target cells, following the methodology pro-
posed by Betts et al [47]. These proteins are considered to be functional
markers in cells with cytotoxic capacity [48]; perforin polymerization
perforates the target cell membrane, while granzyme B induces apop-
tosis [49]. As expected, we found increased expression (i.e., increased
mean fluorescence intensity; MFI) of both perforin and granzyme B in
the CD8+ population induced by DCs sensitized with 5-FU + CQ ly-
sate.

We also observed that lymphocytes generated in response to sensi-
tized DCs expressed higher levels of the ‘very early antigen’ CD69,
which is associated with the effective stimulation of lymphocytes by
antigen-presenting cells [50]. Consistently, lymphocytes stimulated
with DCs exposed to 5-FU + CQ lysates induced earlier and more po-
tent T cell activation. The findings also indicated that there was no
selective activation of CD4+ or CD8+ T cells, since the percentage of
CD69+ cells was increased in both subpopulations. Accordingly, these
same treatments resulted in a reduced generation of PD-1+ cells among
CD4+ T lymphocytes. PD-1 is a member of the CD28 family, and its
primary function is to limit clustering of the TCR and costimulatory
molecules within the immunologic synapse. PD-1 expression is in-
creased in the T cells of patients with pancreatic cancer, lung cancer,
and various leukemias and lymphomas [51]. Therefore, PD-1 expres-
sion in T cells and PD-L1 expression in tumor cells constitute a tumor
escape mechanism. We observed reduced PD-1 expression on the ex-
panding lymphocytes cocultured with DCs. This aspect is particularly
interesting because the signals associated with PD-1 and PD-L1 are
among the main checkpoint blockades of the antitumor response.
Hence, in addition to the anti-CTLA-4 antibody, the anti-PD-1 anti-
bodies [52] are mainstays of modern antitumor immunotherapy.

The lymphocytes cultured with DCs sensitized with drug-exposed
tumor cells produced higher amounts of IFN-γ than controls while
showing decreased production of IL-10. Naive CD4+ and CD8+ lym-
phocytes can differentiate into specific effector T cells with different
functions that are attributed, in part, to the pattern of cytokines they
produce [53]. CD4+ T cells can differentiate into Th1 cells that release
IFN-γ and TNF-α to stimulate the generation of CD8+ cells; in this way,
Th1 cells are involved in the development of the antitumor immune
response. Interferon γ also recruits monocytes, inducing the differ-
entiation of CD4+ T lymphocytes into Th1 lymphocytes [54,55]. IL-10
is a DC-inhibiting cytokine that can be secreted by both Tregs and Th2,
inhibiting antigen presentation, and decreasing the expression of MHC
II and the co-stimulatory molecules CD80 and CD86 [56]. Thus, DCs
under the combined treatment promoted preferential activation of Th1
lymphocytes, with little Th2 or Treg stimulation. An analysis of other
cytokines, such as IL-12, IL-2, TNF, IL-4, IL-6, IL17, and IL-23, would be
useful to provide a clearer view regarding how the different treatments
affect the modulation of T cell subsets. The quantification of these cy-
tokines should be considered in future studies.

Finally, the evidence that the combination of 5-FU and CQ can
modulate tumor cell biology, as can the corresponding HCT-116 lysate,
is reinforced by the increased expression of genes of the tumor-asso-
ciated CEA family (CEACAM 5, 6, and 7), as previously reported [57],
and the decreased expression of genes associated with tumor progres-
sion (BNIP3, BNIP3L, FOSL2, HES1, LAMB3, LOXL2, NDRG1, P4HA1,
and PIK3R2).

5. Conclusion

Taken together, our results indicate that blocking autophagy with
chloroquine increases the ability of tumor cells to mature DCs that can
induce an antitumor response. In addition, these results confirm the
clinical application of this protocol for improving the in vitro stimula-
tion of DCs, as well as the use of combined anti-autophagic agents and
conventional chemotherapeutic agents for the treatment of patients
with colorectal cancer.
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