
ORIGINAL RESEARCH

Anti-EGF antibodies as surrogate biomarkers of clinical efficacy in stage IIIB/IV
non-small-cell lung cancer patients treated with an optimized CIMAvax-EGF
vaccination schedule
Xitlally Popaa*, Beatriz Garcíaa*, Karla P. Fuentesa, Vivian Huertab, Karen Alvarezb, Carmen E. Viadaa, Elia Neningerc,
Pedro C. Rodrígueza, Zuyen Gonzáleza, Amnely Gonzáleza, Tania Crombeta, and Zaima Mazorraa

aClinical Research Direction, Center of Molecular Immunology, Havana, Cuba; bSystems Biology, Center for Genetic Engineering and Biotechnology,
Havana, Cuba; cOncology Department, Hermanos Ameijeiras University Hospital, Havana, Cuba

ABSTRACT
Wepreviously reported that CIMAvax-EGF vaccine is safe, immunogenic and efficacious to treat advanced non-
small-cell lung cancer (NSCLC) patients. A phase III trial was designed using an optimized immunization
schedule. It included higher antigen dose and injections at multiple sites. Immune response and circulating
biomarkers were studied in a subset of patients. EGF-specific antibody titers, IgG subclasses, peptide immu-
nodominance and circulating biomarkers were assessed by ELISA. In vitro EGF-neutralization capacity of
immune sera and EGF-IgG binding kinetics was evaluated by Western Blot and Surface Plasmon Resonance
(SPR) technology, respectively. We show that CIMAvax-EGF elicited mainly IgG3/IgG4 antibodies at titers
exceeding 1:4000 in 80% of vaccinated patients after 3 months of treatment. The EGF-specific humoral
response was directed against the central region of the EGF molecule. For the first time, the kinetic constants
of EGF-specific antibodies were measured evidencing affinity maturation of antibody repertoire up to month
12 of vaccination. Notably, the capacity of post-immune sera to inhibit EGFR phosphorylation significantly
increased during the course of the immunization scheme and was related to clinical outcome (P = .013, log-
rank test). Basal concentrations of EGF and TGFα in the serum were affected by EGF-based immunization. In
conclusion, the CIMAvax-EGF vaccine induces an EGF-specific protective humoral response in a high percent of
NSCLC vaccinated patients, the quantity and quality of which were associated with clinical benefit (clinical trial
registration number: RPCEC00000161, http://registroclinico.sld.cu/).

Abbreviations: EGF: epidermal growth factor; EGFR: epidermal growth factor receptor; Ab: antibody; AR:
amphiregulin; NSCLC: non-small-cell lung cancer; rhEGF: recombinant human epidermal growth factor;
BSC: best supportive care; TGFα: tumor growth factor alpha; IL-8: interleukin 8; MAb: monoclonal antibody;
SPR: surface plasmon resonance
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Introduction

Lung cancer is one of the most prevalent tumors worldwide for
decades with millions of new cases diagnosed every year1.
Within lung neoplasms, non-small-cell lung cancer (NSCLC)
is the dominant histology, representing approximately 85% of
all the lung tumors.2 Survival times obtained even after the best
available chemotherapy are limited3 and, due to its toxicity, it is
tolerable only in patients with good performance status. The
finding that PD-1 blockade produces clinical responses in
NSCLC4 has yielded increased interest in cancer vaccines and
their possible combination with checkpoint inhibitors.

Approximately 80% of patients with NSCLC overexpress the
epidermal growth factor receptor (EGFR).5 EGFR overexpres-
sion is associated with poor prognosis and resistance to che-
motherapy, representing an attractive molecule for the
development of therapies against this target.6 EGF is one of the
main ligands of the EGFR. Its binding induces receptor dimer-
ization resulting in autophosphorylation and the transduction of
mitogenic signals.7,8 EGFR overexpression and high levels of its

ligands EGF and TGFα in clinical samples from cancer patients
have been associated with survival disadvantages.9,10 The rela-
tion among the expression of EGFR ligands, the development of
resistance to therapies directed against this receptor11 and their
value as prognostic markers12,13 render the targeting of these
molecules an important research goal for antitumor therapy.

Thus, active immunotherapy against ligands of EGFR is an
emerging concept that aims to generate antibodies specific for
these molecules capable of blocking ligand/receptor binding and
consequently intracellular signaling. The design of a therapeutic
vaccine consisting of human recombinant EGF chemically con-
jugated to the P64k protein from Neisseria meningitides, emulsi-
fied in the oily adjuvant Montanide ISA 51VG (CIMAvax-EGF)
was previously described by Gonzalez et al.14 Clinical studies in
patients with NSCLC have shown that the vaccine is immuno-
genic and well tolerated.15,16 It has been described that patients
who exhibit a high Ab response against EGF able to inhibit its
binding to EGFR, achieve an increased survival.17 The search for
more effective treatment schemes in terms of achieving a clinical
benefit in a larger number of patients has been the focus of
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previous studies regarding this vaccine. Based on evidence
obtained from a phase II study and aiming to improve vaccine
immunogenicity, a phase III trial was designed using a higher
antigen dose and injections at multiple sites.18 In the present
study, we characterize the humoral response generated in
NSCLC patients using an optimized immunization schedule.
Surrogate biomarkers of clinical benefit in immune-responsive
NSCLC patients treated with CIMAvax-EGF were found.

Materials and methods

Study context

A total of 405 advanced unresectable NSCLC patients were
enrolled in a randomized phase III clinical trial (National
Public Registry of Clinical Trials: RPCEC00000161) with
CIMAvax-EGF from June 2006 to January 2012.19

Histologically confirmed stage IIIB or IV NSCLC patients with
at least stable disease after first-line chemotherapy treatment
were included. Other eligibility criteria were an Eastern
Cooperative Oncology Group (ECOG) performance status
index ranging from 0 to 2 and adequate organ function, as
previously described.18 The trial protocol, informed consent
and investigator brochure were approved by the ethics boards
from all participating institutions and by theNational Regulatory
Agency. The study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki and Good Clinical Practices
guidelines. All patients provided a written informed consent.

Vaccine

CIMAvax-EGF consists of human recombinant EGF manufac-
tured in yeast (hu-recEGF) chemically conjugated to the P64K
Neisseria meningitides recombinant protein (reP64K), manufac-
tured in Escherichia coli. Both hu-recEGF and P64Kwere supplied
by the Center for Genetic Engineering and Biotechnology,
Havana, Cuba. The rhEGF-rrP64K conjugate is stored at 4ºC. At
the moment of immunization, the conjugate is emulsified in
Montanide ISA-51 VG (NC0962946, Seppic).

Patient population and treatment

A set of 140 NSCLC patients (112 vaccinated and 28 controls)
that received at least 4 vaccine doses, in the case of vaccinated
patients, and with at least three follow-up sera samples in
control subjects, were selected for different assays according
to availability and quality of serum samples. The most impor-
tant baseline features were balanced between treatment groups
according to the chi-square test (P > .05) (Table 1).

At least 4 weeks after finishing the first-line chemotherapy,
patients received a low dose of cyclophosphamide (200 mg/m2)
and 3 d later the first immunization of CIMAvax as switch
maintenance therapy. Each immunization consisted of intra-
muscular injection of 2.4 mg of CIMAvax-EGF, distributed in
four separate anatomic sites (600 µg antigen/site). During the
induction phase, four bi-weekly doses were administered fol-
lowed bymonthly immunizations until patient withdrawal, toxi-
city or performance status deterioration (maintenance phase).

The immunization schedule is summarized in Figure 1a. Patients
assigned to the control arm received best supportive care.

All recruited patients were considered assessable for toxicity
according to the Common Toxicity Criteria from the National
Cancer Institute version 3.0.

Sample collection and storage

Blood samples were collected before each immunization. Five
milliliters of blood was spun for 10 min at 3000 rpm to isolate
serum. Aliquots of the samples were stored at −80ºC until use.

Immune response measurements

ELISA, as previously described, determined anti-EGF Ab titers
and IgG response to EGF-derived peptides.17 Patients were
classified as good antibody responders (GAR) if they elicited
an antibody response four times higher than the baseline levels
and a titer equal or higher than 1:4000. Patients with Ab titers
below 1:4000 were classified as poor antibody responders (PAR).
Additionally, patients who elicited antibody titers equal or
higher than 1:64 000 were classified as super-good antibody
responders (SGAR).

EGF-derived peptide immunodominance was defined as an
optical density signal (405 nm) of at least two times the one
obtained with the rest of the peptides used in the assay.

In order to characterize the anti-EGF IgG subclass, anti-
human IgG1 (B6775, Sigma), IgG2 (B3398, Sigma) IgG3
(B3523, Sigma) and IgG4 (B3648, Sigma) subclass-specific sec-
ondary antibodies and alkaline phosphatase-conjugated strepta-
vidin (189732, Sigma) were used in the ELISA assay previously
described.14

EGFR phosphorylation inhibition

The capacity of the anti-EGF antibodies to inhibit EGFR phos-
phorylation in the presence of EGF was measured by a previously
described immunoblotting assay.17 Briefly, A431 cells were serum
starved for 24 h and then incubated with sera from control or
vaccinated patients for 1 h at 37°C. Incubation with 1 mol/L
tyrphostin AG1478 (tyrosine kinase inhibitor) was used as the

Table 1. Patient characteristics at baseline.

Patient characteristics

Age (y) Vaccine N (%) Control N (%)
>60 55 (49,1) 14 (50)
<60 57 (50,9) 14 (50)
Sex
Male 70 (62,5) 15 (53,6)
Female 42 (37,5) 13 (46,4)
Histological subtype
ADC 34 (38,2) 9 (36)
No ADC 55 (61,8) 16 (64)
Stage Disease
IIIB 69 (65,1) 22 (78,6)
IV 37 (34,9) 6 (21,4)
ECOG
0 56 (52,3) 11 (39,3)
1 46 (46,9) 13 (46,4)
2 5 (4,8) 4 (14,3)

ADC: Adenocarcinoma, ECOG: Eastern Cooperative Oncology Group Performance
Status.
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positive control (100% of inhibition). Equal amounts of protein
were resolved on SDS-PAGE, transferred onto polyvinylidene
difluoride nitrocellulose membrane, and incubated with specific
anti-phosphotyrosine antibody (2234L, Cell Signaling). After
washing, the membranes were incubated with secondary anti-
mouse (G-21040, Invitrogen) or anti-rabbit (G-21234,
Invitrogen) antibodies conjugated with horseradish peroxidase.
The signal was visualized by enhanced chemiluminescence
according to the manufacturer’s instruction (Amersham

Biosciences, UK) and band intensity was quantitated using
a densitometer SI (Pharmacia Biotech) and ImageMaster 1D
prime Software. To normalize the protein loading on the gel, the
membranes were stripped and reprobed with anti-EGFR antibo-
dies (2232S, Cell Signaling). We used ECL Plus Western blotting
detection reagents (RPN2109, Amersham Biosciences) as detec-
tion system. The inhibition of phosphorylation occurred when
values were higher than the mean of the percentages of inhibition
reached in the control cohort (pre-immune sera) plus 2 SD.

Figure 1. Induction of EGF-specific humoral immune response in NSCLC patients. (a) Vaccination and sampling schedules during CIMAvax-EGF immunotherapy. (b)
Percent of vaccinated patients classified as poor antibody responders (PAR), good antibody responders (GAR) and super-good antibody responders (SGAR) during the
induction phase of vaccination schedule. (c) EGF-specific antibody titers elicited in NSCLC patients from GAR (n = 85), PAR (n = 27) and control (n = 28) groups during 1
y of vaccination. Serum EGF IgG antibody titers were determined by ELISA at indicated time points and presented as the inverse of serum dilution. Significant differences
were found among GAR, PAR and control curves according to Generalized Linear Model (P < .0001). D) IgG response to EGF-derived peptides from vaccinated patients
classified as GAR (n = 40). Antibody levels against different regions of EGF molecule were determined by ELISA at indicated time points and presented as values of
absorbance at 405 nm. Asterisks (*) represent significant differences according to Dunn’s test: **P < .01, ***P < .001. E) Levels of EGF-specific IgG subclasses from 40
vaccinated patients. Serum levels of EGF-specific IgG1, IgG2, IgG3 and IgG4 levels were determined by ELISA using subclass-specific antibodies and presented as values
of absorbance at 405 nm. Asterisks (*) represent significant differences according to Dunn’s test: *P < .05, ***P < .001.
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EGF-specific antibodies’ affinity determination by surface
plasmon resonance

Surface plasmon resonance (SPR) experiments were performed
using a Biacore X unit (BR-1100-30, General Electric Health
Care). Recombinant human EGF (hrEGF) was obtained at
CIGB, Cuba.20 hrEGF was immobilized in a CM5 chip (BR-
1000-14, General Electric Health Care) by amine coupling chem-
istry at 25°C and a flowrate of 5 µL/min using HEPES 10 mmol/
L, pH 7.4, 0.15 mol/L NaCl, 3 mmol/L EDTA, 0.005%
Polysorbate 20 (HBS-EP, BR100188, General Electric Health
Care) as running buffer.21 For immobilization hrEGF was
diluted in 10 mM sodium acetate buffer pH 4.0 to a final con-
centration of either 200 µg/mL to obtain high density surfaces
(840 ± 35 RU, n = 5) or 50 µg/mL to obtain medium density
surfaces (350 ± 20 RU, n = 6). The second flow channel was
blocked with ethanolamine, to be used as a reference surface.

IgG fraction from patient’s serum samples was isolated
using the Melon Gel kit (45206, Pierce) according to manufac-
turer’s instructions. Next, purified IgG buffer was changed to
PBS using ultrafiltration devices (UFC205024, Millipore).

Quantification of anti-EGF antibodies was performed in
conditions of total mass transfer limitation.22 A calibration
curve was generated by the application of MAb CB-EGF.1
diluted in HBS-EP buffer (0.03–7.5 µg/mL) at 5 µL/min. At
least three different dilutions were assayed for each IgG
patient’s sample with the same conditions used for the calibra-
tion curve. Antibody concentration was calculated from the
interpolation of the binding slope of the interaction curve on
the CB-EGF.1 calibration curve. The regeneration of the sur-
face was carried out by applying 10 mM HCl for 1 min.

Medium density surfaces were used to characterize antibody
binding kinetics. The application of MAb CB.EGF-1 at different
flowrates yielded superimposable curves indicating the absence
of mass transport limitation on these surfaces. At least three
different dilutions of each IgG patient’s sample were applied at
30 µL/min, and association phase was registered for 5 min and
antibody dissociation was measured for 3 min. Binding curves
were adjusted to a bivalent analyte model using BIAevaluation
software V4.1 (General Electric Health Care).

Quantification of circulating EGFR ligands and
inflammatory factors

Circulating levels of EGF, TGFα, AR, VEGF, IL-6 and IL-8
were determined in sera from NSCLC patients before treat-
ment and at least 6 months after the administration of
CIMAvax-EGF. The concentration of the circulating factors
was measured using commercial ELISA kits (Quantikine, R&D
Systems Inc, USA). The plates were read in a Thermo Fisher
microplate reader (Thermo Scientific, USA). Serum samples
were diluted as recommended by the manufacturers.

Statistical analysis

Chi-square test, used for testing relationships between categori-
cal variables, was applied for evaluating distribution differences
in demographic and tumor characteristics between control and
vaccinated groups. Comparison of levels of anti-EGF Abs

between the two treatment groups was performed using the
Generalized Linear Model. This method is an extension of gen-
eralized linear models, as a means of testing hypotheses regard-
ing the influence of binary factors (Treatment) on other variables
collected within subjects across time (levels of anti-EGF Abs).
For the analyses of the immunological data, non-parametric
Wilcoxon signed-rank test was used for matched-pairs taking
into account that the samples were not normally distributed.
Dunn’s multiple comparison test was utilized, as post hoc ana-
lysis, after finding means differences by ANOVA. It was used to
test differences in antibody response inside vaccinated patients.
Spearman rank correlation is a non-parametric test that is
applied to measure the degree of association between two vari-
ables. In our case, it was employed to estimate the correlation
between the immunological variables. Cox Regression con-
firmed the correlation between survival and measured variables.
Survival data were analyzed using the Kaplan–Meier method
and the log-rank test. Statistical analyses were done with SPSS
program (version 17.0).

Results

Elicited anti-EGF antibody titers

Antibody response against EGF was evaluated in 140 patients
(vaccinated, n = 112, control, n = 28). A preexisting immune
response to EGF was detected in both groups, with a geometric
mean of Ab titers of 1:184. Levels of antibody titers before
treatment did not correlate with the humoral response elicited
after vaccine administration, according to Spearman coefficient
(r = 0.25; P > .05).

After three administrations of vaccine (D46), 50% of immu-
nized patients were classified as good antibody responders
(GAR) and the other 50% were classified as poor antibody
responders (PAR). After induction phase (M3), 72% of patients
elicited Ab titers higher than 1:4000 (Figure 1b). In addition,
10% of patients were classified as super-good antibody respon-
ders (SGAR) because they developed Ab titers higher than 1:64
000. None of the control patients were classified as GAR.

In patients classified asGAR, therewas a gradual increase inAb
titers during the first 2 months of treatment followed by a plateau
starting around d 76 (P < .001) (Figure 1c). Significant differences
were obtained between the kinetics of anti-EGF Ab titers of
vaccinated (GAR vs PAR) and control patients (P < .0001).

Moreover, no associations between baseline characteristics
of patients and immune response were observed (chi-square
test, P > .05).

Antibody response against different regions of EGF
molecule

To check the reactivity to the EGF regions, serum from 40
vaccinated patients classified as GAR were tested against three
peptides corresponding to N-terminal, central (Loop B) and
C-terminal (Loop C) regions of the EGF molecule (Figure 1d).
An equally distributed IgG Ab response to all peptides was
detected before immunizations (P > .05). Remarkably, after
four doses of vaccine, the EGF-specific Ab response was sig-
nificantly directed against the main region involved in the
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binding of EGF to EGFR (Loop B) in 46% of evaluated patients
(P < .01). The remaining patients had an equally distributed Ab
response against all regions of the EGF molecule.

IgG subclasses elicited during treatment with
CIMAvax-EGF

A previous study14 described the induction of a predominant
IgG3 response measured in the highest anti-EGF Ab titer reached
after CIMAvax-EGF administration. In the present study, we
assessed the kinetics of anti-EGF IgG subclasses elicited in 40
vaccinated patients classified as GAR (Figure 1e). After CIMAvax-
EGF administration, an increase in IgG2, IgG3 and IgG4 levels
was observed. After 3 months of treatment, the humoral response
against EGF was predominantly IgG3 (P < .05). However, after 6
months, IgG4 was the predominant subclass (P < .001) and was
maintained for the rest of the evaluated period (P < .001). These
results suggest a change in T helper response pattern from Th1 at
month 3 to Th2 at month 6.

In vitro biological activity of EGF-specific antibodies

The mechanism of action of CIMAvax-EGF is based on the
ability of the elicited antibodies to prevent the binding of EGF
to EGFR, thus inhibiting the signaling cascade associated with
tumor cell proliferation. To evaluate the ability of the antibo-
dies to inhibit EGF-mediated activation of EGFR, samples
from 24 patients also classified as GAR, but with similar EGF-
specific Ab titers were selected.

Elicited Abs were capable to inhibit EGFR phosphorylation
upon treatment of lung cancer cells with EGF (Figure 2a).
A gradual increase of EGFR-phosphorylation inhibitory capa-
city was observed during the first year of treatment (P < .01).
Remarkably, after the induction phase (3 months), percentages
of inhibition over 50% were observed in 10 out 24 patients.

Moreover, a high correlation between anti-EGF Ab titers
and their capacity to inhibit EGFR phosphorylation was
observed over time, according to Spearman correlation coeffi-
cient (r = 0.62; P < .001) (Figure 2b). Nevertheless, some sera
with similar EGF-specific Ab titers showed differences in their
inhibitory capacity, as exemplified in one representative
patient, in which increasing percentages of EGF-EGFR inhibi-
tion were obtained with lower antibody titers (Figure 2c).

Serial Biacore analysis of relative antibody dissociation
rates

In addition to epitope specificity, the neutralization capacity of
an antibody response depends on the strength of the interac-
tion with the antigen.23 To characterize the patient’s serum
samples in terms of antigen-binding affinity and its relation
with the inhibitory capacity, we investigated the affinity
maturation of the specific antibody response in post-
vaccination polyclonal sera from NSCLC patients selected
according to their in vitro biological activity.

For quantitation of specific antibodies, purified IgG from
serial serum samples of 18 vaccinated patients were injected
over a surface of immobilized hrEGF in conditions of total
mass transfer limitation. Under these conditions, the initial

slope of the binding curve depends on antibody concentra-
tion but not on the kinetics of the interaction.24

Concentration of anti-EGF antibodies was then determined
from the binding response measured during the early binding
phase of the SPR sensorgram. For this purpose, a calibration
curve of different concentrations of the MAb CB.EGF1 was
used. Preexisting antibodies were detected at D0 with an
average concentration of 23.7 µg/mL (1.6x10−7 M) followed
by an increase upon CIMAvax-EGF administration that
becomes statistically significant after induction phase
(P < .001). This concentration remains rather constant
around 218 µg/mL (1.5x10−6 M) after month 3 (Figure 3a).
Anti-EGF antibody concentration determined by SPR corre-
lated with the ELISA antibody titers in all tested sam-
ples (P < .05).

To compare the strength of binding, IgG samples were
injected over a surface with hrEGF immobilized at a density
that allowed a sensitive detection of reactive antibodies, not
only the high-affinity repertoire. Such medium density surface
also allowed bivalent antibody binding as verified with MAb
CBEGF.1 (data not shown). Thus, interaction curves were
fitted to a bivalent model. Kinetic constants for the first binding
(koff1 and kon1) determined by fitting to a bivalent model has
been demonstrated to be in close agreement with the constants
obtained for the Fab fragment, thus reflecting the intrinsic
affinity of the antibody.25 Statistical residuals were evenly dis-
tributed with an average Chi2 of 1.83 ± 1.43 (n = 42), eviden-
cing a homogeneous fit to this interaction model. Results
showed no significant differences in kon1 from month 3 to
month 12 (Figure 3b). Interestingly, a sustained decrease in
koff1 values was observed during the evaluated period with
a significant decrease between month 3 (4.2x10−2 s−1, 95% CI,
1.6 × 10−2-1.2x10−1) and M6 (8.3x10−3 s−1, 95% CI, 3.8 × 10−3-
1.8x10−2) and month 3 and month 12 (5.2x10−3 s−1, 95% CL,
1,9x10−3-1.4x10−2) (P < .01). These results indicated the exis-
tence of affinity maturation due to a 30-fold increase on the
average stability of EGF: antibody complexes (Figure 3b).

The contribution of the antibody affinity to in vitro EGF-
neutralization capacity of vaccine-elicited antibodies was
evaluated by correlating the Koff1 of hrEGF:antibody interac-
tion with the percentage of EGFR-activation inhibition
(Figure 3c). A significant negative correlation was observed
between those parameters at month 12 (P = .032), where
lower dissociation constants correlated with higher EGFR-
phosphorylation inhibition.

Altogether, these data indicate that the optimized CIMAvax-
EGF vaccination schedule generated antibodies with increasing
affinity against the EGF molecule that correspondingly leads to
a higher neutralization capacity.

Association between immune response and patient’s
clinical outcome

In order to identify the subset of vaccinated patients who might
benefit from treatment with CIMAvax-EGF, we correlated dif-
ferent features of the humoral response with patient survival.

Confirming our previous results,17 a significant survival
advantage was observed in patients who developed Ab titers
higher than 1:4000 after induction phase (GAR, n = 68; median:
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15.9 months) compared to patients classified as poor antibody
responders (PAR) (n = 27; median: 10.07 months, P = .028).
Interestingly, patients who elicited Ab titers higher than 1:64 000
(SGAR) did not show a statistically significant survival advantage
(n = 17; median: 26.9 months, P = .324) (Figure 4a).

Moreover, inside the GAR subset, the quality of the anti-EGF
Ab response correlated with patient survival. As early as
3months after treatment, we observed that patients with a higher
percentage (>40%) of EGFR phosphorylation inhibition had
longer survival times (n = 10; median SV: not reached) in
comparison to lower percentage (<40%) of EGR phosphoryla-
tion (n = 14; median SV: 27.4 months, P = .013) (Figure 4b).

Serum concentration of EGFR ligands and
NSCLC-associated proteins

Few studies have indicated the influence of EGFR-targeted
therapies on the EGFR ligand and other tumor growth factor
levels.26,27 In this sense, we evaluated the circulating levels of
EGF, TGFα, AR, IL-6, IL-8 and VEGF in a set of vaccinated and
control NSCLC patients.

The reduction in EGF serum concentration has been used as
an indicator of the in vivo effect of the antibodies generated after
immunization of NSCLC patients with CIMAvax-EGF. In the
present study, we evaluated how the induced antibody response

was capable of reducing basal EGF serum levels of NSCLC
patients during the first 6 months of treatment. High levels of
EGFwere detected in serum at baseline (mean 1057 pg/mL, range:
0–2980 pg/mL) as it was previously reported.17 Vaccinated
patients (n = 40) displayed a significant decrease in EGF levels
after 1month of treatment (P < .01) (Figure 5a).More than 50% of
the evaluated patients decreased at least two times their EGF levels
after two administrations of CIMAvax-EGF. EGF decreased to
undetectable levels at month 6 in 80% of evaluated patients. On
the contrary, no variation in the EGF levels was observed in serum
from control patients (P > .05) (Figure 5b).

On the other hand, 6 months after the first immunization,
while the EGF levels were undetectable in 80% of patients, basal
TGFα levels increased in vaccinated patients (P < .01) (Figure
5c). In contrast, basal concentration of AR, VEGF, IL-8 and IL-
6 was not affected by CIMAvax-EGF immunotherapy. These
circulating factors did not show significant variations in the
follow-up of control NSCLC patients (data not shown).

Discussion

Vaccine scheme optimization is a complex and challenging
process that involves multiple factors such as doses, intervals,
routes and administration sites. In the context of cancer vac-
cines, these factors must be carefully selected in order to

Figure 2. In vitro biological activity of EGF-specific antibodies elicited in vaccinated NSCLC patients. (a) Inhibition percent of EGFR activation in H292 lung cancer cells by
sera from immunized NSCLC patients (n = 24). Starved H292 cells were incubated with NSCLC patient immune sera (1:100) and activated with rhEGF. The levels of
phosphorylated (pEGFR) and EGFR from H292 lysates were determined by Western blot using specific antibodies. Pre-immune serum was used to set 100% EGFR
activation signaling in each evaluated patient. Asterisks (*) represent significant differences according to Wilcoxon signed-rank test: **P < .01, ***P < .001. (b)
Relationship between the anti-EGF Ab titers and inhibition of EGFR activation. Asterisks (*) indicate a significant correlation according to Spearman’s correlation
coefficient: *P < .05, ***P < .001. (c) Immunoblots showing the EGFR phosphorylation levels obtained using the sera of one representative patient.
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increase the number of patients that elicit a protective immune
response.

Based on preclinical results28 and the increased immuno-
genicity observed in a previous clinical study using CIMAvax-
EGF,29 a phase III clinical trial was performed. Advanced
NSCLC patients were vaccinated after first-line chemotherapy
using a scheme optimized for the vaccine dose and number of
immunization sites. The vaccine was well tolerated. The most
frequent adverse events were injection site reactions, fever,
headache, vomiting, chills and nausea.19

The existence of a natural response specific to EGF was found
in all evaluated patients. This response was increased 10-folds
during the induction phase of the vaccine. A significant differ-
ence between the Ab titers of vaccinated and controls patients
was observed in a shorter time period as compared to previous
studies.15,17 The changes in the dose and in the number of
immunization sites performed in this study led to higher fre-
quency of good antibody responders (GAR) after 6 months of
treatment, compared with previous clinical trials. The propor-
tion of patients who developed Ab titers higher than 1:64 000
was also improved. These findings confirm what was found in
the preclinical setting. In this case, low dose fractionated in
multiple anatomical sites at priming accelerated the induction
and enhanced the long-term maximal antibody response.28

Previous studies have demonstrated that the distribution of
vaccine in different immunization sites impacts on vaccine

efficacy.30,31 These results suggest that the spatial distribution
of the immunogen would increase the total number of present-
ing cells that are exposed to the antigen, thereby increasing the
number of activated specific effector cells.

Moreover, during the evaluation of the antibodies specific for
different regions of the EGF molecule, we observed an increase
in the response against the central region of EGF (Loop B) over
the vaccination period, whereas the humoral response against
the rest of the molecule did not change during treatment. These
results are similar to those obtained using a suboptimal treat-
ment scheme, and highlight the reduced impact of changes in the
immunization schedule in the immunodominance of the differ-
ent epitopes of the EGF molecule. This behavior is in line with
some experimental evidences showing that the immunodomi-
nant nature of an antigenic determinant is not affected by its
concentration, position within the sequence of a given protein or
the route of administration.32

Although it is well known that the administration of
CIMAvax-EGF using different immunization schemes was able
to induce an IgG response,29 there is not a detailed report about
the subclass distribution during patient’s immunization. In
agreement with previous data,14 an IgG3 Ab response was gen-
erated after 3 months of vaccination, which is associated with
the immune response against proteins and the secretion of Th1
cytokines.33 However, in the present study, after 6 months of
treatment, we observed a change to IgG4, which remained the

Figure 3. Affinity maturation of EGF-specific immune response elicited in NSCLC vaccinated with CIMAvax-EGF. (a) Concentration of EGF-specific antibodies in
immunized patient’s sera (n = 20). Asterisks represent significant differences according to Wilcoxon signed-rank test: **P < .01, ***P < .001. (b) Kinetic constants for the
first binding (koff1 and kon1) of EGF-specific antibodies elicited in vaccinated patients. Asterisks represent significant differences according to the Wilcoxon signed-rank
test: **P < .01. Only significant differences are represented. Concentration and kinetic constants of elicited EGF-specific antibodies were determined by SPR technology.
(c) Correlation between in vitro biological activity of anti-EGF antibodies and their affinities. Asterisks (*) indicate a significant correlation P < .05 according to
Spearman’s correlation coefficient.
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predominant subclass for the rest of the evaluated period. As it is
very well known, the nature of the antigen influences IgG sub-
class production, with protein antigens canonically stimulating
IgG1 and IgG3.34 Since the human EGF is a 6-kDa protein with
53 amino acid residues,35 it might be anticipated the induction
of the above-mentioned subclasses. However, the strong effect
on IgG3 response instead of IgG1 is unclear and suggests addi-
tional influence of other factors like the adjuvant or the carrier
protein. Interesting, as the number of immunizations increased,
there was a gradual shift in the anti-EGF response from
a predominant IgG3 at 3 months to IgG4 after 6 months. This
distribution pattern of the IgG subclass indicates that both Th1
(IgG3) and Th2 (IgG4) T-cell responses are induced. Although
there are few studies on the characterization of IgG subclass
responses using cancer antigens as vaccines,36,37 the generation
of IgG4 Ab with potent neutralization activity38 has been asso-
ciated with prolonged administration of high antigen doses.39,40

In this sense, Ullenhag et al. showed a shift from IgG1 to IgG4

after few months of vaccination of colorectal carcinoma patients
with a recombinant carcinoembryonic antigen (CEA) vaccine.36

Recently, advanced cancer patients who were long-term treated
with a VEGF-based vaccine showed a gradual switch in the anti-
VEGF IgG response from IgG1 to IgG4.41

Antibody affinity maturation is an antigen-dependent
process24. To our knowledge, no previous studies have addressed
affinity maturation of antibody response generated by cancer
vaccines. This characterization could provide a quantitative ana-
lysis regarding the contribution of affinity maturation to the
clinical outcome of treated patients. The EGF-specific antibody
response developed in NSCLC patients during CIMAvax-EGF
administration was characterized by an early and significant
increment in antibody concentration and by discrete but con-
tinuous decrease in the dissociation rates. These results evidence
that long-term maturation of antibody response elicited by
CIMAvax-EGF vaccine increases the average affinity of antibody
population due to lower dissociation rates of EGF-antibody
complexes. Considering the high heterogeneity on affinity
maturation among individuals found in human response against
protein antigens, larger sample number would be also necessary
to identify the relationship between the affinity of anti-EGF
antibodies and the clinical outcome of patients. Interestingly,
according to a theoretical model, the increase in the affinity
seems to be related to IgG4 switch42 which is in line with the
aforementioned switch in IgG subclass.

The generation of EGF-specific antibodies with a high neu-
tralizing capacity during immunization with CIMAvax-EGF
has been the main objective of the different immunization
schedules used in NSCLC patients. In the present study, the
inhibitory activity of the elicited antibodies was, not only
superior to that previously reported,17 but also increased in
the course of the immunization schedule. However, that
increase was not associated with a significant change in anti-
body titers. These results indicate that this biological activity is
dependent not only on the quantity of specific antibodies
present in a given period of time, but also is influenced by
the quality of the interaction or affinity, between these anti-
bodies and the circulating EGF.

Several studies have demonstrated the role of the ligands of
EGFR (EGF, TGFα) in tumor biology.43 However, the different
therapies directed against EGFR (monoclonal antibodies, tyr-
osine kinase inhibitors) currently used in the clinic, do not
target its ligands. Additionally, resistance to such therapies has
been linked to an increased secretion of these molecules,43,44

and therefore their concentrations in the serum of patients are
currently monitored as biomarkers of clinical response to
treatment.45,46 In the case of CIMAvax-EGF, the reduction in
serum concentration of EGF has been used as an indicator of
the effect of the antibodies generated by immunization. In the
present study, the initial EGF concentration values after first-
line chemotherapy in NSCLC patients were high and similar to
those found in previous studies.15,17 Notably, this baseline EGF
is a predictive biomarker of clinical response as it was recently
reported.19 Significant reduction of these pre-treatment EGF
levels was achieved during the first month of vaccination (d
32), in contrast with our previous results, where this occurred
after 6 months of treatment.15,17,47 This behavior can be asso-
ciated with changes in the immunization schedule and their

Figure 4. Immune response and survival outcome of NSCLC patients immunized
with CIMAvax-EGF. (a) Overall survival of vaccinated patients according to EGF-
specific antibody titers 3 months after first immunization. (b) Clinical impact of
in vitro biological activity. Differences in survival times were assessed by the log-
rank test.
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effects on the neutralizing capacity of the generated anti-EGF
antibodies, as addressed above. In addition, it was observed
that TGFα levels increased after 6 months of vaccination, in
agreement with other results obtained by blocking EGFR using
different treatments.26,27 The usefulness of TGFα concentra-
tion as an indicator of an effective blockade of EGFR will be
addressed in future trials with CIMAvax-EGF.

The selection of subgroups of patients who could benefit
from therapies, as well as the search for immunological bio-
markers associated with an effective antitumor response, have
been the focus of several clinical studies. The association of the
magnitude of the immune response and survival of cancer
patients was observed in previous studies with CIMAvax-
EGF16,17 and other therapeutic vaccines.48,49 In the present
study, immunized patients classified as good responders after
4 months of treatment had a six-month survival benefit com-
pared with poor responders. However, within the immune
responders, no advantage in survival was observed in patients
who developed Ab titers higher than 1:64 000. This finding
suggests that not only the magnitude of antibody response in
terms of titers but also the intrinsic characteristics of the

immunoglobulins, such as their affinities, may be related to
better EGF neutralization.

Moreover, biological activity, expressed as percentage of inhi-
bition of EGFR phosphorylation after 2 months of treatment,
showed a direct correlation with patient´s survival. Previously,
antibody functionality measured as inhibition of the binding of
EGF to EGFRwas linkedwith longer survival times.17 Both studies
show that not only magnitude of anti-EGF antibody response but
also their functionalities are related to clinical benefit.

In summary, for the first time, the kinetics of specific
antibody subclass switch and the EGF-specific antibody
affinity maturation were characterized in patients treated
with CIMAvax. Regarding clinical surrogacy, the titers
and quality (measured as EGFR phosphorylation inhibition)
of the elicited EGF-antibodies have been described in this
study and provide information about vital features to con-
sider for the design of future clinical trials with CIMAvax-
EGF. The usefulness of the current treatment schedule to
elicit an immune response capable of producing clinical
benefit in a high number of advanced NSCLC patients
was also validated.

Figure 5. Serum levels of EGF and different NSCLC-associated proteins in patients vaccinated with CIMAvax-EGF. Circulating EGF levels in immunized (a), n = 40) and control
(b), n = 15) patients during 6 months. (c) Serum levels of TGFα at baseline and after 6 months of treatment with CIMAvax-EGF (n = 40). Serum levels were determined by
a commercial ELISA kit at indicated time points. Asterisks (*) represent significant differences according to Wilcoxon signed-rank test: **P < .01, ***P < .001.
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