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Summary

Immunization with human recombinant EGF chemically bound to the P64k protein of
Neisseria meningitides (hrEGF-P64k) and adjuvanted in Montanide ISA 51 VG (Montanide)
is an efficient strategy to induce polyclonal antibodies (PAbs) response targeting this self
-antigen in cancer patients, which is the basis of the CIMAvax-EGF vaccine. The neutralizing
potential of EGF-specific induced PAbs supports promising clinical data obtained to date with
this vaccine. Herein, we evaluated a combination of very small-size proteoliposomes (VSSP)
and aluminum hydroxide (Alum) as a novel adjuvant to induce specific PAbs with neutralizing
and anti-proliferative properties on tumor cells, considering EGF as a model antigen. Toxicity
at the injection site was not detected for the vaccine formulation containing VSSP/Alum, and it
was immunogenic in BALB/c mice, as evidenced by the induction of high titers of EGF-specific
polyclonal antibodies (PAbs). While schedule optimization increased the magnitude of the PAbs
response induced by VSSP/Alum, induced PAbs’s avidity and intrinsic neutralizing potential
were comparable to the humoral response induced by Montanide. Also, VSSP addition switched
IgG subclasses distribution into a Th1-like pattern, as obtained with Montanide and desirable
for a cancer vaccine. Finally, equivalent PAbs titers were induced by the vaccine formulations
adjuvanted in VSSP/Alum or Montanide in tumor-bearing-mice, and immunosuppressed mice,
suggesting the feasibility of the VSSP/Alum combined adjuvant for inducing anti-EGF antibodies
in cancer patients at advanced stages of the disease.
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Introduction

The Epidermal Growth Factor Receptor (EGFR) is a
widely validated Tumor-Associated Antigen (TAA), whose
overexpression correlates with bad prognosis and resistance
to conventional antitumor therapies [1]. The interaction
with specific ligands promotes receptor activation mediated
by dimerization with related HER receptors, and further

https://doi.org/10.29328/journal.acst.1001029

activation of a complex signaling network, which stimulates
tumor cell proliferation and survival [2]. Among multiple
therapeutic approaches developed to block ligand-induced
EGFR signaling, some specific tyrosine kinase inhibitors (TKIs)
and monoclonal antibodies (MAbs) have reached approval for
the treatment of several malignancies, including non-small cell
lung cancer (NSCLC), head and neck or colorectal carcinoma,
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with encouraging results [3]. EGF is a prominent ligand for this
receptor, tightly related to its oncogenic potential [4], where
high levels of circulating EGF correlate with poor prognosis
in NSCLC, gastric carcinoma, melanoma, and multiform
glioblastoma [5].

Active immunotherapies targeting both EGFR and/or their
ligands have been addressed and evaluated in preclinical
and clinical settings [6]. In this regard, CIMAvax-EGF is
known as the first registered therapeutic vaccine in Cuba, as
well as the first registration of a lung cancer vaccine in the
world, approved as a switch maintenance therapy in several
countries [7]. The phase III trials reported a clinical benefit
for patients with high EGF serum concentration and treated
with the vaccine, being the castration of circulating EGF by
immunization-induced PAbs the main action mechanisms
described for CIMAvax-EGF [8].

Therapeutic cancer vaccines pursue the challenge of
stimulating an exhausted immune system (due to treatment
toxicity or aging of the patients), and - in the case of vaccines
based on EGFR and its ligands - overcoming tolerance to self-
antigens. Accordingly, the selection of a strongly immunogenic
adjuvant gains relevance in the design of cancer vaccines [9].
Montanide ISA 51 VG is the current adjuvant of CIMAvax-EGF.
This stable water-in-oil emulsion generates a deposit at the
injection site, eliciting high and long-lasting specific antibody
titers with neutralizing capacity [10]. Despite demonstrated
safety of the vaccine, pain at the site of injection due to
Montanide accumulation upon chronic use is reported among
the most frequent adverse events [8]. This background propels
the search for innovative and safe adjuvants for this one - and
extended to other cancer vaccines- without compromising the
magnitude and quality of the induced PAbs response.

It has been recently proposed that the use of combined
adjuvants may result in a synergistic increase in the immune
response [9]. Different adjuvants induce multiple and
complementary mechanisms that include maturation of DCs
(dendritic cells) with the consequent expansion of CTLs
and/or antibody-secreting B cells, as well as disruption of
tumor immunosuppression mechanisms [9]. Accordingly, we
proposed a combination of aluminum salts (Alum) with VSSP
derived from the outer membrane of Neisseria meningitides,
with attractive properties as an adjuvant for cancer vaccines
[11] and immunomodulator [12], as an alternative to Montanide
to induce anti-EGF antibodies. Since systemic toxicity of
the current vaccine formulation has been characterized in
preclinical models, where evidence of damage was related
to local inflammation at the injection site [13], while VSSP-
adjuvanted vaccines do not show signs of local or systemic
damage [7], local toxicity was characterized in immunized mice.
Our results suggest that the combination of both adjuvants
elicits high titers neutralizing PAbs, with a similar th-associated
IgG subclasses pattern to the current formulation, and without
evidences of toxicity at the injection site.
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Materials and methods

Antibodies and reagents

For Western Blot experiments, antibodies specific to
phosphorylated EGFR (Tyr1068) and B-actin, as well as anti-
rabbit IgG-HRP conjugate were purchased from Cell Signaling.
Human recombinant EGF was obtained from the Genetic
Engineering and Biotechnology Institute. The TKI AG1478
used as control, as well as the ammonium thiocyanate used
in avidity assays, were acquired from Sigma. Human EGF
conjugated to fluorescein isothiocyanate (FITC) used for flow
cytometry assays (FACS) was acquired from Dako.

Cell lines

Human epidermoid carcinoma A431 (ATCC CRL1555),
human lung adenocarcinomas H125 (CRL-5801) and F3II
mammary carcinoma were obtained from the American Type
Tissue Culture Collection (ATCC). Cells were maintained in
Dubbelco’s minimum essential medium DMEM-F12 (Gibco)
supplemented with 10% fetal calf serum (FCS) (Gibco).

Antigen, adjuvants and immunogen preparation

The antigen hrEGF-P64k conjugate was produced at the
Center of Molecular Immunology and administered at a dose
of 63 pg, which is equivalent to 10 pg of EGE. Montanide ISA 51
VG was obtained from SEPPIC (France). VSSP was produced
at the Finlay Vaccine Institute and the Center of Molecular
Immunology. Alum was purchased from Sigma.

When Montanide ISA 51 was used as adjuvant, hrEGF-P64k
conjugate was mixed with an equal volume of the adjuvant
until emulsification. In the cases where Alum was used as an
adjuvant, the conjugated was incubated with 1 mg of Alum
under gentle stirring at room temperature, for 30 min. For the
evaluation of the combined adjuvant VSSP/Alum, the antigen
was incubated with 200 pg of VSSP and 1 mg of Alum under
stirring at room temperature, for 30 min.

Immunization protocols

Female BALB/c and C57/BL6 mice, aged 8 - 12 weeks
old, were obtained from the National Center for Laboratory
Animals Production (CENPALAB, Havana, Cuba). Mice were
kept under pathogen-free conditions. Animal experiments
were approved by the Center of Molecular Immunology’s
Institutional Animal Care and Use Committee.

Evaluation of tissue damage at the inoculation site

BALB/c mice (n =5 for each group) were immunized once
with 63 pg of hrEGF-P64k in different adjuvants: VSSP/Alum
(200 pg/1 mg, sc.); VSSP ((200 pg, sc.); Alum (1 mg, sc) or
Montanide ISA 51 VG (v: v, im.). The mice were sacrificed and
muscles tissues samples from the inoculation and adjacent
sites were removed. The tissue fragments were fixed in neutral
buffered formalin (10%) and embedded in paraffin following
the standard histological procedures. Hematoxylin-eosin
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staining was done. Histological evaluation was performed
using digital imaging with optical microscopy (Olympus BX41).
Here, infiltration of lymphocytes, inflammatory infiltration,
and invasion of tissue parameters was analyzed.

Evaluation of hrEGF-P64k immunogenicity in alterna-
tive adjuvants in healthy mice

BALB/cmice (n=5 foreach group) were immunized with 63
ug of hrEGF-P64k in different adjuvants: VSSP/Alum (200 pg/
1 mg, sc); Alum (1 mg, sc) or Montanide ISA 51 VG (v: v, im).
Each administration of the vaccine formulations was
distributed at two inoculation sites. A first scheme defined
as “induction-phase” was integrated by four biweekly spaced
immunizations and a re-stimulation dose after three-month.
On days -2, 35, 56, 72, 96, 102, 124, 146, and 162, blood was
taken to obtain serum. A second scheme defined as a “dose-
maintenance schedule” was composed of four biweekly spaced
immunizations and three monthly-spaced immunizations. On
days -2, 35,56, 84,112 and 144 blood samples were extracted
to obtain serum.

Sera obtention from blood

Blood samples were incubated at 37 °C for 30 min and then
at 4 °C for one hour. Finally, samples were centrifuged at 3000
g for 10 min and sera were collected and preserved at -20 °C.

PAbs recovery from immune sera

Pooled immune sera from each immunization group were
diluted 1/5 in PBS and IgG Isotype PAbs were isolated by
Protein a affinity chromatography. After elution, PAbs were
dialyzed and stored in PBS at -20 °C.

Evaluation of hrEGF-P64k immunogenicity in alterna-
tive adjuvants in immunocompromised mice

Immunogenicity of alternative vaccine formulations
after administration of cyclophosphamide: BALB/c mice
(n = 5 for each group), on day -2 were inoculated with an
intraperitoneal (i.p) dose of cyclophosphamide (CY) (200
mg/kg of weight, in PBS). On days 0 and 7, mice were
immunized with 63 pg of hr EGF-rP64k adjuvanted in VSSP/
Alum (200 pg/1 mg, sc) or Montanide ISA 51 VG (v: v, im).
On days 0 and 15 blood samples were taken from immunized
animals to obtain serum.

Immunogenicity of alternative vaccine formulations in
F3II tumor-bearing mice: Alternatively, a total of 20 BALB/c
mice, were inoculated with 10° F3II cells in the right flank,
subcutaneously. After 10 days, tumor burden was confirmed
and mice were randomized into four groups (n = 5 for each
group).Next, threebiweekly spacedimmunizationswith hrEGF-
P64k (63 pg) adjuvanted in VSSP/Alum (200 pg/1 mg, sc),
VSSP (200 pg, sc), Alum (1 mg, sc) or Montanide ISA 51 VG
(v: v; im) were performed. A control group of mice were
not challenged with tumor cells but received hr-EGF-p64
adjuvanted in Montanide, included as a control. A week after
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the last immunization mice were sacrificed and immune
serum was isolated from the blood. Pre-immune serum was
taken on day -2 of the scheme.

ELISA

Titration of EGF-specific IgG-isotype PAbs: Microtiter
plates (High binding, Costar, USA) were coated with 10 pg/
mL of hrEGF in carbonate buffer, 0.1 M, pH 9.6, and incubated
overnight at 4 °C. Plates were blocked with FCS 2% in PBS/
Tween 20 0.05%. Serial dilutions of the immune sera (ranging
from 1:102-1:10°) were incubated for 1 h at 37 °C for PAbs
titration. Pre-immune sera diluted 1:10? was included for
each group. Alkaline phosphatase-conjugated anti-mouse-
IgG obtained in goat (1:1000) was added and incubated for
1 h at 37 °C. After the addition of p-nitrophenyl phosphate
(1 mg/mL) (Sigma) in diethanolamine buffer pH 9.8, the
absorbance at 405 nm was measured using a microwell system
reader (Organon Teknica, Salzburg, Austria).

Titration of subclasses of EGF-specific 1gG-isotype
PAbs

For IgG subclasses titration, after incubation with dilutions
of the immune sera, as previously described, mouse-specific
IgG1, IgG2a, or IgG2b biotinylated antibodies were added
(1:4000), followed by alkaline phosphatase-conjugated
anti-rabbit IgG (1/4000). Pooled sera from each group
corresponding to day 35 of the induction scheme were used.

Avidity determination

For avidity determination, purified PAbs (100 pg/mL) was
added to EGF-coated plates and incubated for 1 hour at 37 °C.
Subsequently, indicated concentrations of the chaotropic
agent ammonium thiocyanate (NH,SCN) in the range of 0 M to
4 M were applied. Detection of IgG was performed as described
above. Sera from each group corresponding to day 140 of the
induction scheme were used.

Flow cytometry

Pooled sera from each group corresponding to day 124
of the induction doses scheme, were diluted at 1:100 and
incubated with EGF-FITC (0.2 pg/mL) for 30 min at 37 °C.
Subsequently, A431 cells were incubated with these
preparations for 20 min at 4 °C. A431 cells incubated with
pre-immune sera (1:100) and EGF-FITC were included as a
specificity control. Unlabeled cells and cells incubated only
with EGF-FITC were considered as negative and positive
controls for the staining, respectively. All the samples were
characterized attending to mean fluorescence intensity (MFI)
using a Gallios flow cytometer (Beckton Dickinson, San Jose,
CA, USA), and Flow]Jo 7.6 software was used for analysis.

Western blot

H125 or A431 cells were grown to 70% of confluence in 12-
well plates (Greiner) and starved in serum-free DMEM for 12 h.
Pools of immune sera from each group (1/100) at indicated
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extraction days, or pre-immune serum included as a negative
control, were mixed with EGF (100 ng/mL) and pre-incubated
for 30 min at 37 °C. Tyrosine kinase inhibitor AG1478 (10 uM)
was added to the cells 15min prior to stimulation with
EGF, as a control for EGFR inhibition. Cells were pulsed
with the mixtures or controls for 10 min, then lysed, and
phosphorylated EGFR was detected by immunoblotting with
specific antibodies. Unstimulated cells were included as a
negative control. Structural protein (beta-actin) levels were
also evaluated as a loading control.

Viability assays

A431 (1.5 x 10%) cells were seeded in flat-bottomed 96-well
plates in DMEM-F12 supplemented with 10% FCS. Twenty-
four hours later culture medium was removed and cells were
starved in DMEM without FCS for 16 hours. To evaluate the
impact of PAbs induced by vaccination on cell viability, cells
were next maintained in DMEM supplemented with 0.001 nm
of EGF in presence of purified PAbs obtained from immune
sera of each group (0.25 pg/mL) at day 140 of the maintenance
scheme. After 72 h of incubation, cell viability was determined
by the modified colorimetric MTT assay. Formazan crystals
were dissolved in DMSO, absorbance was measured at 540 nm,
and the reference wavelength (was 620 nm). The absorbance
of the culture medium was considered as background control.
Cells incubated with PAbs purified from pre-immune sera,
in presence of stimulating concentration of EGF (0.001 nm)
were included as specificity, while cells incubated only with
EGF (0.001 nm) were considered as maximum viability
control. In these experiments, TKI AG1478 was used as
cytotoxicity control. Cell viability was determined according
to the next formula:

Cell viability (%) = [A(A,,,, ;" As0n,) treated cells/A(A
A,.) Maximum viability control] x 100

540nm_

Statistical and graphical analysis

GraphPad Prism program (version 7.0) was used for the
graphical analysis of the results. Statistical analysis was
performed using the IBM SPSS Statistic 21 program. GraphPad
Prism software. Densitometric analysis of the blots was
performed with the Image] software. Normality and variance
homogeneity of the data were analyzed by Shapiro-Wilk’s
and Levene’s tests, respectively. Kruskal-Wallis test and
Dun post-test were used to determine statistical differences
when we didn’t obtain samples normality or/and variance
homogeneity. Alternatively, one-way ANOVA and multiple
comparison post-tests were applied. In the analysis of the
kinetics of EGF-specific PAbs titers, to evaluate the differences
among groups or extraction days, a linear generalized model
was applied, using “time” and “group” as factors. Significant
differences were emphasized with asterisks “*’(p < 0.05);
“¥*7(p < 0.01); “***”(p < 0.001) “****’(p < 0.0001). When the
differences were non-significant, no identifier was included.
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Results

A single administration of VSSP and/or alum as
adjuvants for hrEGF-p64 showed no signs of tissue
damage at the injection site

Generally observed adverse events associated with
different types of Montanide include early injection site
reaction; injection site pain and granulomas formation at the
injection sites, potentiated by chronic administration, which
is imperative to sustain high PAD titers [14]. Thereafter, as a
surrogate for local toxicity after vaccination, we performed
a histological evaluation of the injection and adjacent sites
of immunized mice after a vaccine dose. The animals were
sacrificed three days after one immunization and tissue
samples were removed from the injection sites (Figure 1).
Three different lesions were studied: infiltration of
lymphocytes, inflammatory infiltrate, and invasion of muscle
tissue. None of the groups receiving hrEGF-P64k adjuvanted
with VSSP/Alum, VSSP, or Alum showed tissue damage,
only the empty space that corresponds to the inoculation
site (Figure 1A-C and E-G). However, as expected injection
site tissue from mice immunized with Montanide presented
all lesions analyzed, Figure 1D,H. In addition, the normal
architecture of muscle tissue was lost, Figure 1D,H show the
discontinuity of muscle fiber of the adjacent site due to the
invasion of fibroblastic reparation tissue. Then, subcutaneous
administration of the VSSP/Alum-adjuvanted formulation
that doesn’t show signs of local toxicity could enhance the
tolerability of the vaccine in the long term.

Maintenance doses in the immunization schedule with
hrEGF-P64k adjuvanted in VSSP/Alum are needed to
guarantee long-lasting high titers of EGF-specific PAbs

To compare the immunogenicity of the hrEGF-P64k
conjugate formulated in VSSP/Alum, different immunization
schedules were conducted. As a regularity, BALB/c mice were
immunized with 63 pg of the hrEGF-P64k conjugate (equivalent
to 10 pg of EGF), using VSSP/Alum or Montanide ISA 51 VG as
adjuvants. Though Alum is not a suitable adjuvant for cancer
vaccines [15], it was included as single adjuvant control in
all the experiments conducted to determine its contribution
to the overall response of the combined adjuvant. Unlikely,
VSSP is a less potent PAbs inducer in comparison to Alum or
Montanide, for which it was not included as single adjuvant
control in these protocols (Caballero, et al. 2021). Doses of
200 pg for VSSP and 1 mg for Alum, as well as adsorption
conditions used, were based on previous studies [16,17].

The first experimental schedule consisted of four
immunizations spaced biweekly (induction phase) followed by
a re-stimulation after three months (Figure 2A). As observed,
all evaluated formulations were immunogenic, inducing high
titers of EGF-specific PAbs (Figure 2B). In an intermediate
extraction (at day 35) Montanide-adjuvanted formulation was
superior. However, once all four doses of the induction phase
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Figure 1: Histopathological evaluation of the muscle tissues from the injection site of mice immunized with EGF-p64 formulated in alternative adjuvants. BALB/c mice
received the vaccine formulations in the right flank, intramuscularly (in the case of the formulation adjuvanted in Montanide) or subcutaneously (for the rest of the groups).
Normal histological structure of the longitudinal and transverse muscle fibers adjacent to the inoculation site for mice receiving 10 ug equivalent of EGF contained in 63 ug
of hrEGF-P64k conjugate adjuvanted in VSSP/Alum (A and E), VSSP (B and F) or Alum (C and G). Injection and adjacent site with cellular infiltrate (lymphocytes and
inflammatory) and discontinuity of longitudinal muscle fibers (*) corresponding to the group adyuvated in Mont (D and H). The photographs correspond to one animal per
group. H & E, A-D = 10X; E-H = 20X.
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Figure 2: Influence of the immunization schedule on the PAbs titer induced with hrEGF-P64k using different adjuvants. BALB/c mice (n = 5 in each group) were immunized
with 10 pg equivalent of EGF contained in 63 pg of the hrEGF-P64k conjugate. Different adjuvants were used: VSSP/Alum (200 pg VSSP/ Alum 1 mg, sc); Alum (Alum 1
mg, sc) and Mont 51 VG (Montanide ISA51 VG, v/v, i.m). A) Four biweekly separated immunizations (induction doses) and a re-stimulation on day 112 were performed. On
indicated days blood was collected and processed to obtain serum. B) The scatter plots represent the kinetics for the mean + SD of the logarithm of the inverse of the IgG
isotype EGF-specific antibody titer, determined by ELISA. C) Four biweekly separate immunizations (inductions doses) and three additional doses administered monthly
(maintenance doses) were performed. On specified days blood was collected to obtain serum. D) The scatter plots represent the kinetics for the mean + SD of the logarithm
of the inverse of the IgG isotype EGF-specific antibody titer, determined by ELISA. For statistical analysis, a generalized linear model was applied with time and treatments
as factors (“*’p < 0.05). The results are representative of two independent experiments for each schedule.

have been administered, titers match, as seen in a further subsequent blood extractions (up to 50 days after the boost).
extraction (day 56, second extraction day in Figure 2B). Next, = During this time interval, no significant differences were found

asignificant decrease in the titers was observed for the groups  among PAbs titers for groups receiving VSSP/Alum or control
that did not receive Montanide one month after the fourth  adjuvants (Figure 2B).

dose (rest interval). However, once mice were boosted with

the corresponding vaccine formulations at day 112, the PAbs Aiming to infer how the PAbs titers induced by this vaccine
titers were restored and remained overlapped during the formulation might behave in the clinic setting, an additional
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schedule was performed. Such protocol reproduces CIMAvax-
EGF’s clinical administration schedule, consisting of four
biweekly spaced immunizations (induction phase) and
three monthly-spaced re-stimulations (maintenance phase)
(Figure 2C). Like in the previous scheme, animals receiving
VSSP/Alum achieved lower PAbs titers during the induction
phase, where the Montanide-adjuvanted formulation was
consistently superior, but this time, titers reached the same
order only during the maintenance phase, matching the
current formulation after the first boost-dose. (Figure 2D).
Also, the persistence of high PAbs titers in this group was
dependent on successive maintenance doses, as evidenced by
the lower titers obtained on day 144 (three weeks after the
last immunization). The need for maintenance doses in the
clinical setting to reach the same magnitude for the humoral
response is then suggested.

PAbs elicited by the VSSP/Alum adjuvanted-formulation
show neutralizing capacity on EGF/EGFR interaction

The capability of PAbs contained in the immune sera from
immunized mice to prevent EGF binding to its receptor on
tumor cells was preliminarily evaluated by flow cytometry.
In this assay, A431 cells overexpressing high levels of EGFR
(10° molecules/cell) [18], were stained with EGF-FITC pre-
incubated with immune serum, or preimmune serum included
as negative control (Figure 3A). As observed, a decrease in
the mean fluorescence intensity (MFI) was found in the cells
where fluorescent EGF was pre-incubated with the PAbs from
vaccinated mice, with regard to EGF-FITC pre-incubated with
preimmune sera. This behavior was significant for all the
groups evaluated, though the magnitude of the effect was
higher for mice immunized with the Montanide-adjuvanted
formulation (Figure 3B). The lack of inhibitory effect for the
preimmune sera suggests the specific association of such
inhibition with vaccination-induced PAbs (Figure 3A).

It was also determined how this inhibitory potential
impacted the inhibition of EGF-induced EGFR phosphorylation,
using A431 and H125 cell lines with differential expression
of the receptor as models. In both lines, it was obtained
a decrease in the intensity of the bands corresponding to
phosphorylated EGFR for the cells treated with immune sera
from vaccinated mice with regards to cells incubated with
preimmune sera. This effect was more noticeable for H125
cells, whose EGFR expression levels are lower than A431 in an
order of magnitude [19] and favors complete neutralization of
the receptor (Figure 3C and S1).

The magnitude of PAbs titers affects the extension
of EGF-induced EGFR inhibition, despite similar
neutralizing potential

Previous reports have demonstrated an inverse correlation
between anti-EGF PAbs titers and EGF-induced EGFR
phosphorylation [20]. Then, we decided to evaluate how
the magnitude of the PAbs titers induced by the alternative
formulations, at different time-points of the “induction-phase
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schedule” (Figure 2A-B) influenced the inhibition of EGF-
mediated receptor phosphorylation (p-EGFR). Thereafter,
blockade of EGFR activation by anti-EGF PAbs induced at
different extraction days of this schedule was characterized
(Figure 4A). Of note, since induced PAbs recognize EGF and
not its receptor, a structural constitutive protein (B-actin)
was considered as a loading control and used to normalize
p-EGFR bands intensity in densitometry analyses. On day 35
(after three doses of the induction phase) inhibition of EGFR
phosphorylation was stronger where Montanide was used as
an adjuvant, for which PAbs titers were significantly higher
(Figure 2B). Next, at the completion of the induction phase,
when thetiters overlapped, the extent of EGFR phosphorylation
inhibition was similar for all the groups. Once immunizations
were interrupted (rest-interval) a lower inhibition of ligand-
induced phosphorylation of EGFR was observed along with a
decrease in the titers of EGF-specific PAbs induced by VSSP/
Alum. Finally, an extensive and comparable inhibition of EGFR
activation among immunization groups was regained after the
boost, consistent with a match in the titers of the PAbs.

Moreover, when EGF-specific PAbs titers present in the
immune serawere pre-dilutedand homogenizedto 1: 50 000 for
all the groups (so the contribution of the observed differences
in the titers to the global inhibitory effect was abolished)
prior to a further 1:100 dilution and pre-incubation with EGE,
inhibition of p-EGFR was extensive and homogeneous among
VSSP/Alum-adjuvanted or control groups (Figure 4B). Finally,
since the neutralizing potential of the PAbs is related to its
binding strength, the avidity of induced PAbs was compared by
ELISA. Upon increasing concentrations of a chaotropic agent
(NH,SCN) an overlapping decrease in antigen recognition
was observed for the PAbs generated by all the formulations
evaluated on day 124 of the induction scheme (Figure 4C).

PAbs induced by all the formulations inhibit the viability
of A431 cells sensitive to exogenous EGF

To extend the characterization of the PAbs induced by
VSSP/Alum-adjuvanted formulation, their impact on the
viability of EGFR-overexpressing A431 tumor cells was
evaluated. For this purpose, the sensitivity of A431 cells
to increasing concentrations of EGF was initially assessed
(Figure S2). Since the higher optical density at 540 nm
(proportional to cell viability) was reached by the cells
growing in a medium supplemented whit EGF at 1 pm, this
condition was selected to further assess the antiproliferative
effect of the PAbs. A significant decrease in the cell viability
was obtained for the PAbs induced by VSSP/Alum-adjuvanted
formulation, when compared to the effect of antibodies
contained in the pre-immune serum, for sera obtained at day
140 of the maintenance scheme (Figure 5). Mean cell viability
for all immunization groups was lower than the control
(preimmune sera) by more than 30%, however, no significant
differences were found among VSSP/Alum-adjuvanted or
control groups, coincident with the similar titers obtained at
this schedule point.
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Figure 3: Inhibition of EGF binding by the induced PAbs and its impact on EGFR phosphorylation. A) Pooled sera from each group of mice collected on day 124 of the
“induction schedule” protocol (1:100) were incubated with 2 pg/mL of EGF-FITC for 30 min. Next, A431 cells were labeled with this preparation for 20 min. Overlapping
histograms show the mean fluorescence intensity (MFI) of unlabeled A431 cells labeled with EGF-FITC in the presence of pre-immune serum (PI) or immune sera from each
group. A representative experiment of three conducted is shown. B) The bars represent the mean + SD of the MIF values obtained for each condition evaluated. Differences
among means were analyzed using one-way ANOVA with Dunnett’s post-test. C) Pooled sera from each group collected for day 124 “induction schedule” protocol (1:100) were
incubated with 100 ng/mL of EGF for 30 min. Next, A431 or H125 cell lines were stimulated with this preparation for 10 min. Untreated cells and cells incubated with Pl serum
(1:100) were used as negative controls for EGFR activation, while TKI AG1478 (10 uM) was used as a positive control for EGFR inhibition. Detection of the specified proteins
was performed by Western blot. Autoradiographic films correspond with the detection of phosphorylated EGFR in cells (upper panels) or B-actin (lower panels). The results
obtained in a representative experiment of two performed for each cell line are shown. In the right image, the samples were re-organized to homogenize samples in order.
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Figure S1: Quantification of the inhibitory effect of the PAbs induced by alternative
formulations on EGFR phosphorylation. A431 (left graph) or H125 (right graph)
cells were pulsed for 10 min at 37 °C with pooled sera from each group collected for
day 124 of the “induction schedule” protocol (1:100) pre-incubated for 30 min with
100 ng/mL of EGF. Untreated cells and cells incubated with Pl serum (1:100) were
used as negative controls for EGFR activation, while TKI AG1478 (10 uM) was used

as a positive control for EGFR inhibition. Detection of phosphorylated EGFR (at
Y1068 residue) and B-actin was performed by Western blot. In the graphs, columns
represent the intensity of the bands corresponding to phosphorylated EGFR in
the autoradiographic films normalized considering loading control, quantified using
Image J software. These results are representative of two independent experiment
conducted for each cell line.

A Th1-like mixed pattern of anti-EGF IgG subclasses
is induced by the VSSP/Alum-adjuvanted formulation

IgG subclasses were characterized for EGF-specific PAbs
induced in mice receiving alternative formulations above
mentioned, for sera obtained after the fourth dose at day 35
of the induction-phase schedule (Figure 6). Formulations
including VSSP/Alum or controls induced titers of IgGl,
IgG2a, and IgG2b, as detected within the pool of anti-EGF
PAbs. However, the titers corresponding to the IgG1 subclass
were statistically higher for the group receiving Alum as the
only adjuvant, as expected for this Th2-response-inducing

https://doi.org/10.29328/journal.acst.1001029
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Figure S2: Impact of EGF concentration for A431 cells growth in vitro. A431 cell line
(15000 cells/well) were seeded in 96-well plates in DMEM-F12 medium at 10% SFT.
Next, the medium was replaced and cells were starved for 16 h. A) Afterwards, cells

were incubated for 72 h in DMEM supplemented with increasing concentrations of
EGF (ranging from 0-100 nM) and cell viability was evaluated at end-point by MTT.
The scatter plot shows the behavior of the difference in the Absorbance at 540 nm
and 620 nm (as indicative for cell viability) as function of EGF concentration.

adjuvant (Figure 6A). For the IgG2a and IgG2b subclasses,
higher and equivalent titers were achieved by the groups
adjuvanted in VSSP/Alum or Montanide (Figure 6B,C). When
the (IgG2a+IgG2b)/IgG1 ratio was determined, as a surrogate
of the Th1/Th2 response pattern, mice immunized with the
formulations adjuvanted in VSSP/Alum were significantly
higher than the ones receiving Alum as a single adjuvant and
similar to Montanide control (Figure 6D).

PAbs are elicited by VSSP/Alum-adjuvanted formula-
tions in tumor-bearing or immunosuppressed mice

Once the immunogenicity of hEGF-P64k in the VSSP/Alum
formulation was evaluated in healthy mice, in terms of humoral
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Figure 4: Kinetics inhibition of EGFR phosphorylation and avidity determination. A) H125 cells (10° cells/well) were seeded in 12-well plates and starved for 16 h. Pooled
sera from each group (1/100) corresponding to indicated extraction days of the “induction-phase schedule” were incubated with 100ng/mL of EGF for 30 min and cells
were stimulated with this preparation for 10 min. Cells incubated with the pre-immune serum PI (1:100) pre-mixed with EGF at the same concentration were included as
a specificity control. A) Auto-radiographic films (upper panels) with their corresponding densitometry analysis (lower panels) of phosphorylated EGFR and B-actin levels
are shown. In the images, samples were reorganized for homogeneous presentation. B) Alternatively, pooled sera corresponding to indicated days of the “induction-phase
schedule” were pre-diluted to homogenize the titers to 1: 50,000, then diluted 1: 100 and incubated with 100 ng/mL of EGF for 30 min. Starved H125 cells were stimulated
with this preparation for 10 min. and expression levels of the indicated molecules were analyzed by Western blot. Results of one representative experiment of two performed
for each time-point are shown. C) The avidity of EGF-specific antibodies was determined by ELISA in presence of a chaotropic agent. Briefly, antibodies present in the
immune serum corresponding to day 124 “induction-phase schedule” was purified by affinity chromatography with protein A and further applied at 100 pg/mL in EGF-coated
ELISA plates (10 pg/mL), in presence of increasing concentrations of NH,SCN (ranging from 0 M -4 M). The graph represents the mean + SD of the absorbance (A) at 405
nm obtained at different NH,SCN concentrations. Samples were analyzed in triplicates. Results of one representative experiment of three performed are shown.
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Figure 5: Anti-proliferative effect of the PAbs induced by alternative formulations on EGF-depending A431 cells. A431 cells (15000 cells/well) were seeded in 96-well plates
in DMEM-F 12 medium at 10% SFT. Next, the medium was replaced and cells were starved for 16 h. Then, cells were incubated for 72 h in DMEM supplemented with 1 pM
of EGF in presence of the PAbs (0.25 pg/mL) corresponding to day 140 of the dose maintenance schedule protocol. Cell viability was determined by MTT. PAbs collected

from preimmune sera (Pl) was used as a negative control and TKI AG1478 (10 uM) was included as a positive control of cytotoxicity. The graph represents the mean +
SD of 6 replicate values, obtained in a representative experiment of three independently conducted. Group means were compared using one-way ANOVA and Dunnett’s
post-hoc **(p < 0.01); ****(p < 0.0001).

response, specific PAbs induction was also tested in the context ~ autologous EGFR (thus, insensitive to inhibition of the EGF/

of immune suppression, as expected in the scenario of tumor
progression. Since previous studies suggested that VSSP could
modulate immune regulatory cells and activate dendritic cells
[12], in these experiments VSSP was also included as single
adjuvant control.

Herein, BALB/c mice were inoculated subcutaneously
with F3II mammary tumor cells without expression of

https://doi.org/10.29328/journal.acst.1001029

EGFR axis) and with a demonstrated ability to induce chronic
inflammation and immunosuppression [21] Then, mice were
further immunized with the indicated formulations (Figure 7).
A control group of healthy mice immunized with hr-EGF-p64
adjuvanted in Montanide was included. Considering tumor
kinetic, three doses were administered biweekly before
animals were sacrificed by tumor burden. Noticeably, EGF-
specific PAbs titers induced after three doses were equivalent
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Figure 7: Immunogenicity of hrEGF-P64k in different adjuvants in tumor-bearing mice. A) BALB/c mice (n = 20) were inoculated with 10° cells of the F3ll line (s.c). On day
10 the tumor burden was verified and the animals were randomized in four groups (n = 5) and immunized with 10 ug equivalent of EGF adjuvanted with VSSP/Alum (VSSP
200 pg/Alum 1 mg, sc), VSSP (VSSP 200 pg) Alum (Alum 1 mg, sc) or Mont (Montanide ISA 51 VG v/v, im). Immunizations were spaced biweekly on indicated days and the

animals were sacrificed when the ethical endpoint was reached. The fifth group of healthy animals (unchallenged with tumor cells) and immunized with 10 pg equivalent of EGF
adjuvanted in Mont 51 VG was included as a control. B) Graph represents the mean + standard deviation (SD) for the logarithm of the titer inverse for anti-EGF PAbs present in

the immune serum, determined by ELISA. Differences among groups’ means were analyzed with a non-parametric Kruskall-Wallis test, followed by Dunn’s post-hoc.

among formulations containing VSSP/Alum or Montanide in
tumor-bearing mice, while no differences in the titers were
found between healthy or tumor-bearing mice immunized
with Montanide-adjuvanted formulation.

Finally, since chemotherapy can also alter the immune
response to vaccination [22] we evaluated the induction of
EGF-targeting PAbs by the alternative formulations in mice
receiving cyclophosphamide (CY, 200 mg/Kg) two days
before the start of the immunization schedule. Previous
reports refer to a decrease in spleen cellularity and immune
cell functionality up to three days after the administration
of this chemotherapeutic agent in mice [23]. In this context,
the formulations containing VSSP/Alum or Montanide as

https://doi.org/10.29328/journal.acst.1001029

adjuvants were also able to induce comparable titers of EGF-
specific PAbs (Figure S3) and it was observed scorrespondence
between these titers and the ones induced in healthy mice,
after the same number of immunizations (Figure 2B).

Discussion

EGFR and its ligands had become important therapeutic
targets for cancer treatment [24]. Several passive therapies like
tyrosinekinaseinhibitors,aswellas MAbs, have been developed
against these targets, some of which are currently registered
for the treatment of several malignancies [3]. Nevertheless,
cancer vaccines have the potential to endogenously induce an
immune response against tumor antigen/s, which constitutes
the principle of CIMAvax-EGF. Immunization of cancer patients
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Figure S3: Immunogenicity of hrEGF-P64k in VSSP/Alum or Mont in immunosuppressed mice. A) BALB/c mice (n = 5) were inoculated with 200 mg/kg of cyclophosphamide
CY (i.p). On days 0 and 7 mice were with immunized with 10 pg equivalent of EGF adjuvated with VSSP/Alum (VSSP 200 pg/Alum 1 mg, sc) or Mont 51 VG (Montanide ISA

51 VG, v /v, im). B) Graphs represent group means * standard deviation (SD) of the logarithm of the titer inverse for anti-EGF-specific PAbs present in the immune sera
obtained seven days after the second immunization, as determined by ELISA.

with this vaccine induces a humoral response against self-EGF
and generates PAbs that castrate circulating EGF preventing
its interaction with the EGFR expressed on tumor cells, which
impairs cancer progression [25]. Remarkable clinical benefit
has been demonstrated by CIMAvax-EGF in the treatment
of NSCLC upon chronic use [8]. However, the search for
innovative alternatives of adjuvant for this vaccine is advisable.
Considering the properties of VSSP to polarize the response
towards the Th1 pattern and the Alum’s ability to induce high
antibody titers, we proposed a combined VSSP/Alum adjuvant
for the treatment of cancer patients at advanced stages of
the disease, taking EGF as a model for tumor-associated self-
antigen. In our study, such combined adjuvant was innocuous
at the injection site of immunized mice, while inducing high
titers of neutralizing and anti-proliferative PAbs, as desired for
an adjuvant chronically administered to cancer patients.

A combination of adjuvants approved for clinical use,
with complementary mechanisms of action, has become an
attractive alternative in order to potentiate the efficacy of
cancer vaccines. In this regard, aluminum salts, phosphate,
or hydroxide (Alum), characterized by the induction of strong
and long-lasting IgG responses, are the most extensively used
adjuvants [26]. However, Alum-induced immune response is
polarized towards a Th2 pattern, which is rather undesirable
for cancer vaccines, since it might promote, instead of
counteracting, tumor progression [15]. On the other hand,
VSSP is composed of an outer-vesicle membrane derived from
N. meningitides and contains N-acetylated GM3 ganglioside
in its structure. Even though PAbs titers generated with VSSP
as a single adjuvant are lower compared to other approved
adjuvants [27], it behaves as an immune system modulator
with a unique ability to simultaneously activate DCs (and
polarize the immune response towards a Thl pattern) and
antagonize the functionality of myeloid-derived suppressor
cells (MDSC) recruited by the tumor [12,28]. Also, it has been
used as an adjuvant in the clinic in combination with other
adjuvants, showing a remarkable safety profile [29,30].-

The absence of damage in the muscle fibers, as well as
the absence of immune, infiltrate in the tissue adjacent to

https://doi.org/10.29328/journal.acst.1001029

the injection site for mice immunized with the formulation
containing VSSP/Alum, suggest its better tolerability than the
currentadjuvant, which was one of the premises forits proposal
as a suitable adjuvant to be used for chronic administration to
cancer patients. Whit regard to the induced humoral response,
VSSP/Alum combination was able to generate high titers of
specific PAbs in BALB/c mice, under different immunization
schedules. Nevertheless, maintenance immunizations were
required to reach and sustain over time high anti-EGF-PAbs
titers induced by the current vaccine formulation, included as
a control. The generation of a deposit at the injection site by
Montanide adjuvants allows a slower release of the antigen
and guarantees the generation of high and long-lasting PAbs
titers, but is also the basement of its undesirable side effects
[10]. Of note, no significant differences in the level of induced
antibodies were found between the groups receiving the VSSP/
Alum or Alum as adjuvants, suggesting that the incorporation
of VSSP did not affect the ability of Alum to induce high
antibody titers [31]. However, the addition of VSSP to Alum
did switch the IgG subclasses towards a Thl-pattern. Even
though this is a desirable effect for a cancer vaccine adjuvant,
this evidence could be complemented with the evaluation of
cytokines associated with Thl or Th2 patterns like IFNy or
L4, respectively.

Even though an increase in the titers with regard to the
current vaccine formulation was not intended, it would be
interesting to evaluate an increase in the VSSP dose, based
on previous studies that reported an improvement in the
titers of PAbs targeting self-antigens when the VSSP dose was
increased [32]. Also, increasing the stability and adsorption
coefficient of the particle formed by Alum and the antigen
could benefit the PAbs response induced, as demonstrated for
hepatitis B surface antigen [33].

On the other hand, it has been proposed that the efficacy
of CIMAvax-EGF relies on the castration of circulating EGF
by the induced PAbs [20]. Blockade of EGF/EGFR interaction
by induced PAbs has correlated with greater survival in
patients treated with this vaccine [34]. Moreover, the
analysis of large clinical trials conducted with this vaccine
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allowed the establishment of EGF concentration in patient
sera as a predictive biomarker of its clinical benefit. Hence,
patients, where EGF concentration in sera was above 870
pg/mL, benefited from the administration of the vaccine, in
agreement with its major mechanism of action (Rodriguez, et
al. 2016). Herein, adjuvant in VSSP/Alum induced PAbs able
to prevent EGF binding to its receptor, as well as subsequent
phosphorylation at tyrosine 1068, connected to Grb2 adaptor
protein and, subsequently, to ERK1/2 MAPK, enrolled in cell
proliferation and survival enhancement [35]. Furthermore,
when a kinetic characterization of the magnitude of this
inhibitory effect was conducted for the “induction-phase
scheme”, a nice association was found between specific PAbs
titers and the inhibition of EGFR activation. This is, for time-
points where VSSP/Alum-induced PAbs titers were inferior to
Montanide’s (before completion of the induction phase and
during rest-interval) inhibition of p-EGFR was less complete
for the combined adjuvant-containing group. However, at
time points where PAbs titers coincident for VSSP/Alum and
Montanide control group (at the end of induction phase and
after boost), similar and extensive inhibition of EGFR activation
was achieved. Our results, in agreement with previous clinical
evidence, suggest a proportional association between PAbs
titers and their ability to inhibit EGFR phosphorylation [20],
even though their intrinsic avidity, neutralizing, and anti-
proliferative potential are equivalent. Then, optimization of
the immunization schedule with hrEGF-P64k adjuvanted in
VSSP/Alum in the clinical setting must focus on ensuring the
induction of high and sustained PAbs titers in the long term.

Interestingly, immunization of mice compromised by
tumor burden or administration of chemotherapy led to the
induction of comparable PAbs titers between VSSP/Alum and
Montanide adjuvant, suggesting the feasibility of the first to
be administered in cancer patients, frequently submitted
to extensive chemotherapy regimens. A previous report
evidenced that CY-induced immunosuppression increased
the response of anti-EGF PAbs and modified immunological
dominance in response to CIMAvax-EGF [36]. Furthermore,
plasma cells from immunized patients secreting specific PAbs
increased after the first administration of the vaccine when
combined with CY [37]. This could explain a coincidence in the
PAbs titers for VSSP/Alum or Montanide-adjuvanted groups
after a few doses, unlike what was obtained in healthy mice.
Also, induction of equivalent PAbs titers in tumor-bearing
mice for VSSP/Alum or Montanide control was attained. In the
context of immunization with CIMAvax-EGF, induction of EGF-
specific antibodies in patients immunosuppressed by tumor
progression has been previously reported [8]. Also, although
F3II tumors are adequate to establish an immunosuppressive
environment, this model is negative for autologous EGFR
expression, then is not useful to assess the survival of
vaccinated mice (and to associate this effect with the induced
EGF-specific PAbs response). Since our vaccine formulation is
based on human EGF (which is able to bind and activate both
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human and mice EGFR) to evaluate the impact on the survival
of immunized tumor-bearing mice, it would be possible to
challenge immunized mice with 3LL Lewis lung carcinoma,
that overexpress murine EGFR [38], or some murine tumor
model modified to stably express heterologous human EGFR
(for instance, through lentiviral transduction). In this scenario,
human recombinant EGF could be administered in a controlled
manner to the mice, so the antitumor effect observed could be
associated with the castration of the administered hrEGF by
the induced PAbs.

Finally, despite the long-term survival has been
demonstrated for cancer patients immunized with CIMAvax-
EGF [39] patient relapse associated with the emergence of
tumor-resistant variants could be expected, as observed for
different EGFR-targeting therapies [40]. The most common
resistance-driving mutation in response to EGFR-targeting
TKIs is a threonine-methionine amino acid substitution
at position 790 (T790 M) of HER1 [3]. Also, HER1-exon 19
deletions are the most recurrent activating mutations in
advanced non-small cell lung cancer (NSCLC) [41]. In contrast,
resistance to MAbs is often associated with bypass signaling
driven by genomic alterations in downstream signaling
molecules like KRAS which activate downstream pathways
ERK1/2 [42]. Compensatory up-regulation of additional HER
family members like HER2, HER3, or related receptors like Axl
and MET in response to chronic treatment with cetuximab
enables bypass signaling and tumor recurrence [43]. Finally,
alterations in the antigen-presentation machinery of tumor
cells, and overexpression of checkpoint molecules as PD-L1
could compromise the benefit of this vaccine [44]. It would be
of interest to characterize the efficacy of EGF neutralization
by the induced PAbs in tumor models representative of these
resistance mechanisms.

In summary, immunization of BALB/c mice with
hrEGF-p64 adjuvanted in VSSP/Alum generates high titer
of PAbs with comparable intrinsic avidity and neutralizing
potential than those induced by the current vaccine
formulation. The potentialities of VSSP/Alum combination in
cancer immunotherapy as a well-tolerated and immunogenic
adjuvant are, then, suggested. Also, the use of the VSSP/Alum
combined adjuvant might incorporate novel properties related
to VSSP, like its ability to impair MDSC’s suppressive capacity
and prevent their migration to the tumor microenvironment,
which could be addressed in future preclinical studies
[12]. The safety of this alternative formulation must be first
confirmed in non-human primates, while its benefits for the
treatment of cancer patients should be then confirmed in the
clinical setting in order to assess its efficacy to achieve long-
term control of tumor burden, as demonstrated for CIMAvax-
EGE.
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