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Abstract
Tumor-associated carcinoembryonic antigen (CEA) is a natural target for vaccines against colorectal cancers. Our previous
experience with a DNA vaccine with scFv6.C4, a CEA surrogate, showed a CEA-specific immune response with 40% of
tumor-free mice after challenge with B16F10-CEA and 47% with MC38-CEA cells. These percentages increased to 63%
after using FrC as an adjuvant. To further enhance the vaccine efficacy, we tested GM-CSF and IFNγ as adjuvants. C57BL/
6J-CEA2682 mice were immunized 4 times with uP-PS/scFv6.C4, uP-PS/scFv6.C4+ uP-IFNγ, or uP-PS/scFv6.C4+ uP-
GMCSF. After one week, the mice were challenged with MC38-CEA, and tumor growth was monitored over 100 days.
Immunization with scFv6.C4 and scFv6.C4+GM-CSF resulted in a gradual increase in the anti-CEA antibody titer, while
scFv6.C4+ IFNγ immunization led to a rapid and sustained increase in the titer. The addition of IFNγ also induced higher
CD4+ and CD8+ responses. When challenged, almost 80% of the scFv6.C4+ IFNγ-vaccinated mice did not develop
tumors, while the others had a significant tumor growth delay. The probability of being tumor-free was 2700% higher using
scFv6.C4+ IFNγ than scFv6.C4. The addition of GM-CSF had no additional effect on tumor protection. DNA
immunization with scFv6.C4+ IFNγ, but not GM-CSF, increased the antitumor effect via readily sustained specific humoral
and cytotoxic responses to CEA.

Introduction

Colorectal cancer is among the three most common cancers
expected to be diagnosed in the United States in 2020,
accounting for 9% of estimated cancer deaths in both men
and women in this year. Although this number has been
falling over the last 10 years due mostly to preventive
diagnosis, therapeutic options are still insufficient to cover
all pathophysiological variations [1].

Our previous results with DNA vaccines against the main
tumor-associated antigen (TAA) of colorectal cancers, car-
cinoembryonic antigen (CEA), demonstrated CEA-specific
humoral and cellular immune responses [2, 3]. The
immunization was performed with a CEA surrogate, scFv6.
C4, originated from the anti-idiotypic mAB 6.C4 variable
heavy and light chain sequences [4–6]. Immunization
of CEA-expressing transgenic mice (C57BL/6J-CEA2682)
with scFv6.C4 prevented tumor growth in 40% of the
mice after challenge with CEA-expressing tumor B16F10-
CEA cells [2] and 47% of those with MC38-CEA cells [3].
The addition of tetanus toxin fragment C (FrC) as an
adjuvant increased the percentage of tumor-free animals
to 63%, with induction of strong and specific humoral
and cellular immune responses to CEA [3, 7]. Although
the protection provided by the FrC adjuvant is significant,
for transfer of this vaccine to a clinical trial in the future,
the effectiveness of this vaccine must be improved
because other factors related to differences between animal
models and humans can reduce the effectiveness of
vaccines.

Granulocyte-macrophage colony-stimulating factor (GM-
CSF) is the major stimulator for the growth and differentiation

* Sang Won Han
sang.han@unifesp.br

1 Research Center for Gene Therapy, Escola Paulista de Medicina,
Universidade Federal de São Paulo, São Paulo, SP, Brazil

2 Department of Microbiology, Immunology, and Parasitology,
Escola Paulista de Medicina, Universidade Federal de São Paulo,
São Paulo, SP, Brazil

3 Department of Biosciences, Instituto de Saúde e Sociedade,
Universidade Federal de São Paulo, São Paulo, Brazil

4 Department of Biophysics, Escola Paulista de Medicina,
Universidade Federal de São Paulo, São Paulo, SP, Brazil

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-021-00270-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-021-00270-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-021-00270-w&domain=pdf
http://orcid.org/0000-0002-4953-7680
http://orcid.org/0000-0002-4953-7680
http://orcid.org/0000-0002-4953-7680
http://orcid.org/0000-0002-4953-7680
http://orcid.org/0000-0002-4953-7680
mailto:sang.han@unifesp.br


of monocytes and granulocyte progenitors and for the pro-
liferation and survival of dendritic cells and other antigen-
presenting cells (APCs) [8–10]. This molecule plays impor-
tant roles in lymphocyte cytotoxicity, antigen presentation,
antibody-mediated cytotoxicity, and cell-mediated immunity,
as well as the production of various cytokines, such as IL-1,
TNF-α, and IL-6 [11]. Due to these activities, GM-CSF has
been extensively tested against CEA-expressing cancers in
preclinical [12–18] and clinical [19–23] trials.

Interferon gamma (IFNγ) is a cytokine produced by T
lymphocytes, NK cells, and NKT cells and is known to
have antiviral, antitumor, and immunoregulatory activities
[24]. This cytokine regulates the differentiation of macro-
phages, MHC expression in APCs, and Th1-CD4+ and
cytotoxic CD8+ cell development, in addition to having an
important role in immunoglobulin class switching [24]. In
the antitumor response, IFNγ exerts antiproliferative and
antimetabolic activity, promotes tumor cell apoptosis and
inhibits angiogenesis as well as innate and adaptive immune
responses against tumors [25, 26]. In a preclinical trial
against CEA-expressing tumors, IFNγ could substantially
increase immune responses, mainly by inducing the Th1
cytotoxic cellular response [27].

In the present study, adjuvant effects of GM-CSF and
IFNγ on a DNA vaccination with a scFv6.C4-expressing
vector, uP-PS/scFv6.C4, were assessed in C57BL/6J-
CEA2682 mice. Humoral and cellular responses were eval-
uated before and after tumor challenge with MC38-CEA cells.

Materials and methods

Research Ethics Committee approval

Animal procedures were performed in full compliance with
guidelines of the UNIFESP Institutional Research Ethics
Committee (http://www.unifesp.br/reitoria/ceua) only after
approval by this committee (Approval number: CEUA
703012).

Construction of vectors

scFv6.C4 and GM-CSF expression vectors were named uP-
PS/scFv6.C4 and uP-GM-CSF, respectively, and were
described previously [2, 28]. For generation of the IFNγ-
expressing vector uP-IFNγ, pUC57-IFNγ plasmid (Gen-
Script, Piscataway, NJ, USA) containing mouse IFNγ
cDNA (NM_008337.4) was treated with BamHI and ApaI
enzymes to release the 489 bp IFNγ fragment, which was
inserted into the uP plasmid vector [28] previously treated
with the same enzymes. The identity of the vectors was
confirmed by Sanger sequencing.

Cell culture

The murine colon adenocarcinoma cell lines MC38 [29],
MC38-CEA [3], and MC38-scFv6.c4 [3] were maintained
in DMEM (Dulbecco’s modified Eagle’s medium;
Thermo Fisher Scientific; Waltham, MA, USA) buffered
with sodium bicarbonate (24 mM) plus 2-[4-(2-hydro-
xyethyl)-1-piperazinyl] ethanesulfonic acid (HEPES;
10 mM) and supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen; Grand Island, NY, USA),
L-glutamine (2 mM), penicillin (100 units/ml) and strepto-
mycin (100 μg/ml) in a humidified atmosphere (5% CO2,
37 °C).

The human colorectal carcinoma cell line HCT-8 [30]
was maintained in RPMI-1640 (Thermo Fisher Scientific)
buffered with sodium bicarbonate (24mM) and HEPES
(10mM) and supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen), L-glutamine (2mM), penicillin
(100 units/ml) and streptomycin (100 μg/ml) in a humidified
atmosphere (5% CO2, 37 °C). The supplemented medium was
named RPMIc.

Preventive DNA immunization and tumor cell
challenge

CEA-expressing transgenic mice (CEA2682; kindly dona-
ted by Dr. Wolfgang Zimmermann; University of Munich,
Munich, Germany) [31] were separated into three
groups: (i) the scFv6.C4-immunized group: 70 μg uP-PS/
scFv6.C4 in 70 μl PBS was injected into each quadriceps
muscle (n= 17); (ii) the scFv6.C4+ IFNγ -immunized
group: 70 μg uP-PS/scFv6.C4 and 70 μg uP-IFNγ in 70 μl
PBS were injected into each quadriceps muscle (n= 10);
(iii) the scFv6.C4+GM-CSF immunized group: 70 μg uP-
PS/scFv6.C4 and 70 μg uP-GM-CSF in 70 μl PBS were
injected into each quadriceps muscle (n= 10). All injec-
tions were performed slowly using insulin syringes, and 6
electric pulses (100 V; 40 ms duration per pulse; 1 s inter-
val) were applied through 10 mm tweezer electrodes, which
were placed around the DNA injection site (Electroporator
ECM830, BTX, Harvard Apparatus, Holliston, MA, USA).
Three subsequent immunizations were performed at two-
week intervals. Blood samples were collected one week
after each immunization to quantify AB3 antibody pro-
duction (Fig. 1a).

One week after the last immunization, the mice were
challenged by s.c. injection of 1 × 105 MC38-CEA cells into
the left flank. For 100 days, the tumor size was periodically
measured with a caliper. Tumor volume (in mm3) was
estimated using the following equation:

V ¼ 0:52� D� d2 D : major diameter; d : minor diameter; in mmð Þ
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Quantification of CEA‑specific antibody response

Sera from the mice were assessed for anti-CEA antibodies
(AB3=AB1′) by ELISA as we described previously [3].
Briefly, 96-well plates were sensitized with 1 μg/ml CEA
(Abcam; Cambridge, UK) at 37 °C for 1 h. The plates were
blocked with 1% bovine serum albumin (BSA; Sigma-
Aldrich; St. Louis, MO, USA) and 2% nonfat milk in PBS
(room temperature; 1 h). Then, mouse sera (1:50) were
incubated overnight at 4 °C. Biotinylated rabbit anti-mouse
IgG (Dako; Carpinteria, CA, USA) was incubated for 1 h at
37 °C, followed by horseradish peroxidase-streptavidin
(Dako) incubation in a dark chamber at room temperature
for 30 min. Finally, the reaction was revealed by 50 mM
citrate-phosphate buffer (51.4 mM Na2HPO4; 24.3 mM
acetic acid; pH 5.0) containing ortho phenylenediamine
(OPD; Sigma-Aldrich; 3 mg/ml) and 0.03% H2O2. The

reactions were stopped with 2 N H2SO4, and the products
were read at 492 nm in a microplate spectrophotometer
(Spectra Max M2e, Molecular Devices; Sunnyvale, CA,
USA). Each sample was run in triplicate.

Immunocytochemistry of HCT-8, MC38, and MC38-
CEA cells

Immunocytochemistry was performed as we described
previously [2, 3]. Briefly, on day 0, cells were seeded onto
13 mm coverslips and incubated overnight in a humidified
atmosphere (5% CO2; 37 °C). On day 1, media were aspi-
rated, and the cells were fixed in 4% paraformaldehyde
(1 h), incubated with NH4Cl (50 mM; 15 min), permeabi-
lized with 0.5% Triton X-100 (10 min), blocked with
10% BSA (Sigma-Aldrich) and 8% nonfat milk (1 h),
and incubated with 1:50 diluted sera from uP-PS/scFv6.C4-,

Fig. 1 Humoral response and protection against MC38CEA tumor
challenge by scFv6.C4+ IFNγ and scFv6.C4+GM-CSF DNA
immunization. a Immunization scheme. The black arrows indicate
electroporation with uP-PS/scFv 6.C4 plus adjuvant vectors. Blood
samples were collected 7 days after each immunization, as indicated
by red arrows. The tumor challenge was performed 7 days after the
last immunization, as indicated by the blue arrow. The animals were
euthanized between days 90 and 130 for cellular and humoral
response evaluation. b CEA-specific AB3 antibodies in mice
immunized with scFv6.C4+ -IFNγ and scFv6.C4+GM-CSF were
detected by ELISA. Blood samples were diluted (1:50) for the
assays. Sera from the mice immunized with the scFv6.C4 vector
were used as controls. Data are expressed as the mean ± SD of
OD490 nm of each group (scFv6.C4+ IFNγ (n= 10), scFv6.C4+

uP-GM-CSF (n= 10), and scFv6.C4 (n= 17)); 1= p= 0.030 com-
pared to scFv6.C4+ IFNγ preimmune sera; 2= p= 0.004 compared
to the first immunization with scFv6.C4; 3= p= 0.004 compared to
the first immunization with scFv6.C4+GM-CSF; 4= p < 0.001
compared to the scFv6.C4 and scFv6.C4+GM-CSF second
immunizations; 5= p= 0.041 compared to the scFv6.C4 third
immunization; 6= p= 0.026 compared to the scFv6.C4+GM-CSF
third immunization. c Tumor-free animals estimated by Cox
regression. Mice with tumors smaller than 500 mm3 were considered
survivors. Nonimmunized and scFv6.C4-immunized animals were
used as controls (scFv6.C4+ -IFNγ (n= 10), scFv6.C4+GM-CSF
(n= 10)). The animals were observed for at least 100 days; however,
since day 65, no changes in the survival rate were observed.
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uP-PS/scFv6.C4 plus uP-IFNγ- or uP-PS/scFv6.C4 plus uP-
GM-CSF-immunized animals in a humidified chamber (4 °
C; overnight). Nonimmunized mouse sera were used as a
negative control, while monoclonal antibody 1F5H2 [6]
(final concentration: 10 μg/ml) was used as a positive con-
trol. On day 2, the coverslips were incubated with bioti-
nylated rabbit anti-mouse IgG antibody (Dako; 1:100; 1 h),
followed by Alexa 594-streptavidin (Invitrogen; 1:1000;
1 h) and 4′,6-diamidino-2-phenylindole (DAPI) for cell
nuclei labeling (Invitrogen; 1:1000; 15 min). Finally, cov-
erslips were rinsed with distilled water and mounted with
Fluoromount aid (Sigma-Aldrich), and images were
acquired using a fluorescence microscope (Olympus BX51,
Tokyo, Japan).

In vitro cellular proliferation assay

An in vitro cellular proliferation assay was performed as we
described previously [3]. Briefly, 90-110 days after MC38-
CEA injection, the mice were euthanized to collect spleens,
and 2 × 107 splenocytes suspended in PBS were labeled
with 2.0 μM carboxyfluorescein diacetate succinimidyl ester
(CFSE) (Cell-Trace™; CFSE Cell Proliferation Kit; Invi-
trogen) (37 °C; 5 min). In a U-bottom shape 96-well plate,
5×105 cells in 200 μl of RPMIc were seeded per well. The
cells were stimulated with CEA (2 μg/ml; Abcam), mAB 6.
C4 (10 μg/ml) [5], or concanavalin A (2.5 μg/ml; ConA;
Sigma-Aldrich) as a positive control. Unstimulated cells
were used as a negative control. All experiments were
carried out in triplicate. After 6 days of incubation in a
humidified atmosphere (5% CO2; 37 °C), the cells were
washed with MACS buffer (PBS containing 2 mM EDTA
and 0.5% BSA; pH 7.2) and labeled in a dark chamber
(4 °C; 45 min) with anti-CD4-APC (1:100) or anti-CD8-PE
(1:100) antibodies (BD Biosciences; San Jose, CA, USA).
The samples were quantified by flow cytometry (FACS-
Canto II, BD Biosciences) and analyzed by FlowJo software
(Tree Star; Ashland, OR, USA). The gating strategy used to
determine the lymphocyte population was based on the
SSC-A and FSC-A parameters, followed by determination
of the CD8+ (SSC-A, PE) and CD4+ (SSC-A, APC)
subpopulations. The proliferated cell gate (CFSE low) was
established in unstimulated samples from the same animal
and applied to the stimulated subpopulations. The percen-
tage of CFSE-low cells was normalized by subtracting the
percentage observed in unstimulated samples of the same
animal. The samples stimulated with ConA were used for
experimental validation.

Cytotoxicity assay

The cytotoxicity assay was performed as we described
previously [3]. Briefly, 5–7 × 107 splenocytes were

labeled with the anti-CD8-PE (BD Biosciences) antibody
and sorted by flow cytometry (FACSAria II, BD Bios-
ciences). Concomitantly, 2 × 104 tumor cells (MC38,
MC38-CEA or MC38-scFv6.C4) were plated in duplicate
in 96-U-well plates with sorted CD8+ T cells in three
different targets: effect ratios: 1:5 (10 × 104 T CD8+ ),
1:2 (4 × 104 T CD8+ ), and 1:1 (2 × 104 T CD8+ ).
RPMIc was added to a final volume of 200 μl. The cells
were incubated in a humidified chamber (5% CO2; 16 h).
Wells containing only tumor cells were used as controls.
The LDH activity assay (In Vitro Toxicology Assay Kit,
Lactic Dehydrogenase based; Sigma-Aldrich) was per-
formed in 50 μl of medium following the manufacturer’s
instructions. The lysis percentage was calculated using the
following formula: % cell lysis= 100 x [(A - B)/(C- B)],
where A: OD690nm tumor plus target, B: OD690nm target
spontaneous release (background), and C: OD690nm target
maximus lysis.

Statistical analysis

Statistical analyses were performed using IBM SPSS Sta-
tistics software (v. 21; New York, NY, USA), and graphs
were plotted using GraphPad Prism software (v. 5.0; La
Jolla, CA, USA). The anti-CEA antibody titers were ana-
lyzed by GEE (general estimating equations) using linear
distribution, defined according to the QIC parameter, fol-
lowed by Bonferroni tests. Survival analysis was performed
by Cox regression, in which the observed outcome was
the time necessary to reach 0.5 cm3 tumor volume. The
reported hazard ratio (HR) corresponds to the mean of all
observed times. The effect of the different groups of ani-
mals on the proliferation and cytotoxicity assays was
assessed by GLzM using linear distribution, defined
according to the AIC parameter, followed by Bonferroni
tests. The sample size was chosen based upon experiences
from previous experiments, and the numbers of samples
per group are indicated in the legends. The significance
was 5%. Data are presented as the mean and standard
deviation.

Results

Humoral responses and protection against tumor
challenge induced by DNA vaccinations

CEA2682 mice were immunized four times in alternate
weeks by i.m. injection of uP/PS-scFv6.C4+ uP-IFNγ or
uP/PS-scFv6.C4+ uP-GM-CSF plasmid solutions followed
by electroporation, according to our previous experience
[2, 3, 32]. Mice immunized with uP/PS-scFv6.C4 alone
were used as controls. Blood samples were collected 7 days
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after each immunization to determine the AB3-CEA anti-
body titers (Fig. 1a).

The first scFv6.C4+ IFNγ immunization induced a sig-
nificant increase in the AB3 titer (0.415 ± 0.052 vs. pre-
immune 0.185 ± 0.015, p= 0.030), and this level was
maintained during the remaining immunizations (day 21:
0.408 ± 0.038; day 35: 0.390 ± 0.018; day 49: 0.442 ±
0.017, p= 1.000 in relation to day 7) (Fig. 1b). Compared
to those of the mice immunized with scFv6.C4 only, the
humoral responses after scFv6.C4+ IFNγ immunization
were notably higher after the first immunization (0.415 ±
0.052 vs. 0.169 ± 0.012, p= 0.004). Although the magni-
tude of the difference decreased after the second (0.408 ±
0.038 vs. 0.182 ± 0.009, p < 0.001) and third (0.390 ± 0.018
vs. 0.286 ± 0.018, p= 0.041) immunizations, the titers were
still significantly higher. Nevertheless, after the last immu-
nization, the anti-CEA titer reached a similar level in the
scFv6.C4+ IFNγ and scFv6.C4 groups (0.422 ± 0.017 vs.
0.379 ± 0.024, p= 1.000).

Unlike IFNγ treatment, the addition of the uP-GM-CSF
adjuvant vector did not improve the AB3 anti-CEA anti-
body titer significantly compared to that in the control uP/
PS-scFv6.C4 group after the first (0.130 ± 0.010 vs. 0.169 ±
0.012, p= 1.000), second (0.190 ± 0.015 vs. 0.182 ± 0.009,
p= 1.000) and third (0.257 ± 0.026 vs. 0.286 ± 0.018, p=
1.000) immunizations (Fig. 1b). However, after the last
immunization, the AB3 titer of the scFv6.C4+GM-CSF
group reached a level close to that of the scFv6.C4-IFNγ
group (0.357 ± 0.61 vs. 0.422 ± 0.017, p= 1.000).

For evaluation of the effectiveness of preventive DNA
vaccines with scFv6.C4+ IFNγ and scFv6.C4+GM-CSF
vectors, 1 × 105 MC38-CEA cells were s.c. injected into the
left flank of mice one week after the last immunization
(Fig. 1a), and tumor growth was measured periodically. In
the scFv6.C4+ IFNγ-immunized group, 78% of the vacci-
nated animals remained free of tumors over 100 days of
observation compared to 40% of the scFv6.C4+GM-CSF-
immunized mice and 47% of those immunized with scFv6.

C4 only. All nonimmunized mice developed tumors 40 days
after the challenge.

Cox regression survival analysis demonstrated the prob-
ability of the scFv6.C4+ INFγ-immunized mice being free of
tumors was 58 times higher than that of the nonimmunized
mice (95% CI HR 7.43–453.87; p < 0.001) and 2.7 times
higher than that of the group immunized with scFv6.C4
(CI95% HR: 0.58–12.44; p= 0.204). The scFv6.C4+GM-
CSF-immunized animals had an average 6 times greater
chance of being tumor-free than the nonimmunized animals
(95% CI: 1.66–21.15; p= 0.006) but did not have improved
survival compared to the scFv6.C4-treated group (95% CI:
0.25–1.97, p= 0.500) (Fig. 1c). These results showed that the
IFNγ adjuvant vaccine regimen, but not GM-CSF, strongly
potentializes scFv6.C4 immunization, remarkably delays
tumor growth, and increases animal survival, and it can even
completely inhibit tumor growth. A summary of the tumor
cell challenge experiments is shown in Table 1.

The AB3 antibody affinity to CEA was evaluated by
immunocytochemistry of the CEA-expressing human color-
ectal cell line HCT-8 and murine cell line MC38-CEA using
mouse sera obtained from preimmunization, post-last immu-
nization, and post-tumor challenge as primary antibodies. The
MC38 cell line was used as a negative control. Sera from the
nonimmunized and scFv6.C4-immunized animals were used
for comparison (Fig. 2). Immune reactions with sera from the
scFv6.C4-IFNγ and scFv6.C4-GM-CSF-immunized mice
were strong in the CEA-expressing cell lines, whereas the sera
from preimmunized and nonimmunized mice showed no
reaction. These results corroborate AB3-specific antibody
responses described previously [2, 3].

Cellular responses induced by scFv6.C4+IFNγ DNA
vaccination

As the scFv6.C4+ IFNγ vaccination was able to increase
animal survival, specific T- and B-cell proliferative activ-
ities of animals of this group were assessed and compared to

Table 1 Summary of tumor cell challenge experiments.

Mice
without tumor

Mice with
delayed tumor
growtha

Mice with
normal tumor
growthb

Hazard ratio compared to
nonimmunized mice

Hazard ratio compared to
scFv6.C4-immunized mice

Nonimmunized - - 100% 1.0 -

scFv6.4 47% 35% 18% - 1.0

scFv6.4+IFNγ 78% 22% - 58 (CI95% 7.43–453.87) 2.7 (CI95% 0.58–12.44)

scFv6.4+GM-CSF 40% 30% 30% 5.9 (CI95% 1.66–21.15) 0.7 (CI95% 0.25–1.97)

aDelayed tumor growth refers to speed of tumor growth slower of that observed in the nonimmunized mice (0.5 cm2 > 40 days after tumor
challenge).
bNormal tumor growth refers to speed of tumor growth similar to that observed in the nonimmunized mice (0.5 cm2 around 40 days after tumor
challenge).

CI confidential interval.
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those of the nonimmunized and scFv6.C4-immunized mice.
Splenocytes from the vaccinated and MC38-CEA-
challenged mice were harvested and stimulated with CEA
or mAB 6.C4 (Fig. 3). ConA (2.5 μg/ml) and no stimulation
were used as positive and negative controls, respectively.
Splenocytes from the mice with and without tumors after
tumor challenge were analyzed separately.

Under CEA stimulation, the CD4+ T-cell proliferation
rate of the scFv6.C4+ IFNγ-immunized animals that did not
develop any tumors (3.52 ± 0.37%) was significantly higher
than that of the scFv6.C4 animals that were also tumor-free
(2.06 ± 0.53% p= 0.013, Fig. 3a). No differences in CD4+

proliferation were observed between the animals that
developed tumors (Fig. 3a). However, CD8+ proliferation
of the scFv6.C4+ IFNγ-immunized animals that did not
develop tumors (2.12 ± 0.47%) was lower than that of the
scFv6.C4-immunized animals (8.52 ± 0.66% p < 0.001,
Fig. 3b). In the animals with tumors, the CD8+ response
was similar between the scFv6.C4+ IFNγ (1.15 ± 0.54%)
and scFv6.C4 (1.29 ± 0.41%) groups and was lower than the
nonimmunized mouse response (8.59 ± 0.42%, p < 0.001 in
relation to both groups, Fig. 3b).

Under mAB 6.C4 stimulation, CD4+ proliferation rates
were similar among the scFv6.C4+ IFNγ, scFv6.C4, and

Fig. 2 Evaluation of the humoral response by immunocytochem-
istry using sera from the scFv6.C4+ IFNγ- or scFv6.C4+GM-
CSF-immunized mice. Blood samples were collected before the first
immunization, after the last immunizations and after the tumor chal-
lenge. MC38 and HCT-8 cells were used as negative and positive

controls, respectively. Samples obtained from the nonimmunized and
scFv6.C4-immunized animals were used for comparison. CEA stain-
ing is shown in red, and DAPI nuclear staining is shown in blue.
Representative images of each group are shown. Bar = 100 µm.

Fig. 3 Cellular response of the
scFv6.C4+ IFNγ-immunized
animals determined by
proliferation assay.
Splenocytes extracted from the
MC38-CEA-challenged animals
were labeled with 2.0 µM CSFE
and stimulated with CEA (a, b)
or mAB 6. C4 (c, d) for 6 days.
CD4+ (a, c) and CD8+ (b, d)
CFSE-low cells were counted by
flow cytometry. The
nonimmunized and scFv6.C4-
immunized animals were used
for comparison. Data are
expressed as the mean ± SD
(scFv6.C4+ IFNγ (n= 4),
scFv6.C4 (n= 8), and
nonimmunized (n= 5)). *p ≤
0.05, **p ≤ 0.01, ***p ≤ 0.001.
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nonimmunized animals (Fig. 3c). CD8+ proliferation rates
were similar between the tumor-free animals from the
scFv6.C4+ IFNγ (0.77 ± 0.46%) and scFv6.C4 (0.11 ±
0.66%) groups (Fig. 3d). For the animals that developed
tumors, the scFv6.C4 CD8+ proliferation rate (5.65 ±
0.42%) was higher than that of the scFv6.C4+ IFNγ
(0.54 ± 0.54%, p < 0.001) and nonimmunized (1.02 ±
0.38%, p < 0.001, Fig. 3d) groups.

To evaluate the CTL immune response, we used sorted
CD8+ cells from tumor-challenged animals (with and
without tumors after challenge) for cytotoxicity assays with
a different target: effector ratios using MC38-CEA or
MC38-scFv6.C4 as target cells and MC38 cells as a nega-
tive control (Fig. 4). At a 1:5 ratio, ∼4% of MC38 cells
were lysed by CD8+ cells from naïve mice (Fig. 4a), and
this was considered nonspecific basal activity.

Specific lysis of MC38-CEA was observed in the scFv6.
C4+ IFNγ-immunized and tumor-free mice (14.98 ±
1.03%, Fig. 4b) and was much higher than that of the
tumor-free animals from the scFv6.C4 (5.12 ± 1.45%; p <
0.001) and naïve (8.93 ± 1.45%; p= 0.002) groups. How-
ever, nonspecific lysis of MC38 cells was also observed by
CD8+ cells from the scFv6.C4-IFNγ group (15.55 ±
1.06%, Fig. 4a) and was higher than the nonspecific lysis
from the scFv6.C4 (4.66 ± 1.06%; p < 0.001) and naïve
animals (3.68 ± 0.95%; p < 0.001). No specific lysis of
MC38-scFv6.C4 was observed by CTL from the immu-
nized groups compared to the naïve group (Fig. 4c).

In the group of animals that developed tumors, specific
lysis of MC38- CEA cells of the scFv6.C4+ IFNγ group
(11.87 ± 0.89, Fig. 4e) was higher than that of the scFv6.C4
group (8.11 ± 0.90% p= 0.009), but the mean value was
similar to that of the nonimmunized animal group (12.80 ±
0.65; p= 1.000). No differences on MC38 (Fig. 4d) and
MC38-scFv6.C4 (Fig. 4f) lysis were observed.

Discussion

CEA is a potential target for antitumor vaccines, since its
expression increases substantially in patients with some
types of cancer, mainly those from the gastrointestinal tract
[33, 34]. Our group constructed the CEA surrogate scFv6.
C4 for a DNA vaccine to promote anti-CEA humoral and
cellular responses after immunization; in the CEA-
expressing transgenic mice, the scFv6.C4 vaccine pre-
vented 40–50% of tumor growth after challenge with tumor
cells expressing CEA [2, 3]. This result is a major advance
and proof-of-concept of the scFv6.C4-based DNA vaccine,
but for use in humans, this vaccine still requires further
improvement.

Therefore, we used FrC from Clostridium tetani as an
adjuvant to the scFv6.C4 DNA vaccine [3] because it has a
promiscuous universal epitope for MHC class II that can
promote better antigen presentation and development of
immune responses [35, 36]. Although a significant increase

Fig. 4 CTL activity in CD8+ cells from the scFv6.C4+ INFγ-
immunized animals by LDH activity assay. MC38-CEA (b, e) and
MC38-scFv6.C4 (c, f)-specific CTL lysis was carried out using CD8
+ cells sorted by FACS from tumor-challenged animals that developed
tumors (Tumor) or animals that did not develop tumors (No tumor).
The cells were incubated for 16 h together with tumor target cells
(target tumor: CD8+ ) at ratios of 1:5, 1:2, and 1:1 before LDH

activity assessment. The nonimmunized, naïve and scFv6.C4-immu-
nized animals were used for comparison. MC38 cells were used as
negative controls (a, d). The naïve group represents the non-
immunized and nonchallenged animals. Data are expressed as the
mean ± SD (scFv6. C4+ IFNγ (n= 4), scFv6.C4 (n= 4), non-
immunized (n= 6), and naïve (n= 4)). *** p ≤ 0.001.
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of 40% in the survival rate was observed, in our opinion,
there is still a window for further improvement based on the
other adjuvants. Therefore, in this study, we focused on the
use of the endogenous factors GM-CSF and IFNγ rather
than exogenous antigens to stimulate the immune response
system.

Surprisingly, the immunization of CEA2682 mice with
scFv6.C4 associated with IFNγ resulted in strong protec-
tion, increasing the tumor-free rate from 47% (only with
scFv6.C4) to 78% after tumor challenge (Fig. 1c). In other
words, the use of IFNγ in the scFv6.C4 DNA vaccine
increased the chance of being free of tumors by ∼270%
(Table 1). Taking into account that all nonimmunized mice
died within 40 days after tumor injection and that the
follow-up time after tumor challenge was 100 days, this
improvement is a remarkable achievement.

IFN-γ is a Th1 cytokine involved in the induction and
repression of immunoglobulin isotypes. In mice, IFN-γ
promotes the production of IgG2a and IgG3, but it inhibits
IgG1, IgM, and IgE [37]. A similar phenomenon was
observed with human cells in the presence of IFN-γ [38],
showing the modulatory effect of IFN-γ on antibody pro-
duction. These effects of IFN-γ on anti-CEA antibody
production were observed in our vaccination regimen; after
the first immunization, the IgG antibody titer increased
immediately, and it seemed to have peaked at this immu-
nization because the titer did not change significantly with
additional immunizations (Fig. 1b). The specificity of
antibodies raised after immunization was observed in the
immunocytochemistry assay using MC38-CEA and the
human colorectal cell line HCT-8 (Fig. 2). As the use of
scFv6.C4 in our vaccine regimen is to disrupt the tolerance
to CEA, allowing its own immunity to recognize CEA as a
nonself-antigen, the high antibody titer against CEA is a
very important parameter to evaluate CEA recognition and,
consequently, vaccination efficacy.

In addition, the anti-CEA antibody itself has the potential
to neutralize CEA-expressing tumor growth by antibody-
dependent cell-mediated cytotoxicity (ADCC). At least two
humanized anti-CEA antibodies have been used to treat
colorectal and lung cancers [39–41], showing high effi-
ciency in neutralizing tumors.

Furthermore, IFNγ promotes the development of CD4+
and CD8+ cells and the differentiation of macrophages,
which are very important activities for vaccination against
cancer [24]. Figure 3 shows a specific proliferative activity
of CD4+ T cells under CEA stimulation in the scFv6.C4+
IFNγ-immunized group without tumor. Some CTL activ-
ities were also observed in several groups, but they did not
show specificity. Therefore, the high protection against
the tumor in the scFv6.C4+ IFNγ group is probably due
to the rapid increase and high titer of anti-CEA antibody
and the CD4+ T-cell response.

Curiously, in both assays, cells with CEA stimulation or
cells expressing CEA responded much better to cell pro-
liferation and CTL activity, respectively, than those with
mAB 6.C4 or scFv6.C4. This change of specificity from
scFv6.C4 to CEA was previously observed with the scFv6.
C4 vaccination [3]. As we commented there, we understand
that immunization with scFv6.C4 should elicit immune
responses against sequences specific to scFv6.C4 and to the
sequences common to both CEA and scFv6.C4 because of
their similarities [3]. However, as CEA2682 transgenic
mice constitutively express CEA, we hypothesized that
endogenous CEA may have favored the selection of clones
that are more reactive to CEA than scFv6.C4.

One of the most relevant concerns in using antigen sur-
rogates for vaccines is the possibility of inducing auto-
immune disease and attacking own cells and tissues. In our
previous study [3] and here, we did not observe any notable
healthy alterations during any experimentation period. As
the reaction between antibodies and antigens is concentra-
tion dependent, we understand that CEA expressed in CEA
2682 mouse cells and tissues was not sufficient to trigger
autoimmune reactions. Such observations were also
observed by others during vaccine studies [2, 17, 42, 43].

CD8+ T cells from mice with tumors showed significant
proliferation after stimulation with CEA (in the non-
immunized group) and mAB 6.C4 (the scFv6.C4 group)
(Fig. 3). Injection of highly CEA-expressing MC38-CEA
tumor cells in nonimmunized mice should stimulate
immunity against CEA. This phenomenon explains the
rationality of using tumor extracts for immunization
[44, 45]. CD8+ T-cell proliferative activity with mAB 6.C4
in the scFv6.C4-vaccinated group showed that the organism
was working to eliminate tumors (Fig. 3), but the CTL
activities were not enough (Fig. 4).

However, the immunization with scFv6.C4 plus GM-
CSF worsened protection, decreasing the survival rate by
approximately 40% (Fig. 1c). As we discussed above, the
humoral response is a very important step for DNA vac-
cines that use a tumor-associated antigen surrogate. There-
fore, the lower and slower anti-CEA antibody increase after
immunization is likely the main cause of this low protection
(Fig. 1b). Strong immune staining was shown by immu-
nocytochemistry of sera from the scFv6.C4+GM-CSF
group, and because of the low survival rate, we continued
this study with only the IFNγ group.

In conclusion, preventive DNA vaccination of CEA-
expressing transgenic mice with uP-PS/scFv6.C4 plus uP-
IFNγ, but not with uP-GM-CSF, resulted in strong humoral
and CD4+ cell responses, which were sufficient to main-
tain almost 80% of mice free of tumors over 100 days after
challenge with MC38-CEA cells. The adjuvant activity of
IFNγ on tumor growth is likely to be associated with
prompt and sustained specific humoral responses and
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stimulation of CD4+ cell proliferation. The use of IFNγ as
an adjuvant has proven to be safe and tolerable in colon and
pancreatic cancer vaccines [46, 47]. Therefore, its use as an
adjuvant with scFv.6C4 for vaccination of future CEA-
expressing cancer patients is promising.

The increased protection against tumors shown here with
IFNγ and with FrC in the previous study [3] raise the
possibility that the use of these two adjuvants together can
develop even greater immunity and protection, but this
hypothesis has to be validated in the future.
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