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Advanced NSCLC patients harboring EML4-ALK and CCDC6-RET rearrangements derive benefit from treatment with
ALK and RET TKIs but not immune checkpoint inhibitors. New immunotherapeutic approaches, such as immunization
against growth factors, can be of particular interest for combination treatment in these patients. Here, we investigated
the effects of anti-EGF antibodies generated by vaccination (anti-EGF VacAbs), TKIs and combinations in EML4-ALK
and CCDC6-RET NSCLC cell lines. We found that EGF and tumor growth factor alpha (TGFα) significantly decreased
the antiproliferative activity of the RET inhibitor BLU-667 in CCDC6-RET cells and brigatinib, alectinib and crizotinib
in EML4-ALK translocated cells. The addition of anti-EGFVacAbs reversed the effects of EGF and TGFα, potentiated the
antitumor effects of the kinase inhibitors and delayed the appearance in vitro of resistant clones.Western blotting dem-
onstrated that the combination of anti-EGF VacAbs with ALK or RET TKIs effectively suppressed EGFR downstream
pathways in EML4-ALK translocated and CCDC6-RET cells, respectively. In conclusion, anti-EGF VacAbs significantly
increased the antitumor activity of TKIs in ALK and RET-positive cell lines. Clinical trials of an EGF vaccine in combi-
nation with ALK and RET TKIs are warranted.
Introduction

In Western countries, mutations in the Epidermal Growth Factor Recep-
tor (EGFR) gene are the most common targetable alterations in non-small
cell lung cancer (NSCLC), followed by rearrangements involving anaplastic
lymphoma kinase (ALK) and rearranged during transfection (RET) genes
[1]. Targeted tyrosine kinase inhibitors (TKIs) are currently the standard
first line therapy for advancedNSCLC patients withALK alterations, having
demonstrated significantly better clinical activity than chemotherapy regi-
mens [2–7]. Regarding RET rearranged tumors, several multi-target TKIs
have been tested in clinical trials with 18–47% objective response rates
(ORR) and 4.5–7.3 months of progression-free survival (PFS) [8,9], clearly
inferior to the outcomes to EGFR orALK targeted therapies. However novel,
highly selective RET inhibitors such as BLU-667 [10], LOXO-292 [11] and
RXDX-105 [12] have been developed in recent years and are currently
being tested in this patient population. ORR of 68% and median PFS of
18.4 months have been recently reported for LOXO-292, leading to ap-
proval by the United States Food and drug Administration (FDA) [13].
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The introduction of immune checkpoint inhibitors against programmed
cell death 1 (PD-1) and PD-1 ligand (PD-L1) has represented a milestone in
the treatment of advanced NSCLC. Although preclinical studies suggested
immune escape through activation of the PD-1 pathway in EGFR and ALK
driven tumors [14–16], single agent checkpoint inhibitors have shown little
activity in EGFR-mut or EML4-ALK positive patients as first or second line
treatment [17–19]. In addition, phase I and II studies in pretreated or treat-
ment naive EGFR and ALK positive NSCLC patients have failed to demon-
strate any clinical benefit of the addition of PD-1/PD-L1 inhibitors to TKI
therapy. In some cases, a significant increase in the frequency of grade 3
or 4 adverse events such as interstitial lung disease or hepatic toxicity
were observed, leading to the discontinuation of the trials [20–22]. In con-
sequence, anti-PD-1/PD-L1 agents, alone or in combination, are not recom-
mended for first line treatment in EGFR or ALK-positive NSCLC, and TKIs
remain the treatment of choice for patients with these drivers, who should
receive chemotherapy before even considering immunotherapy
[17–19,23]. Regarding RET-rearranged tumors, they are characterized by
low PD-L1 expression, low tumor mutation burden (TMB) and, similarly
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to ALK-positive patients, poor responses to anti-PD1/PD-L1 agents, with
ORR 0–6% and median PFS of 2–3 months [19,24,25].

In summary, checkpoint inhibitors do not show clinical benefit in EGFR,
ALK and RET-positive patients and new immunotherapeutic approaches
that can be safely combined with kinase inhibitors can be of particular in-
terest in this setting. We recently reported that anti-EGF antibodies gener-
ated by vaccination (anti-EGF VacAbs) significantly enhanced the
antitumor effects of EGFR TKIs in EGFR-mut cells [26], and vaccination
against EGF is currently been tested in combination with afatinib in the
phase Ib EPICAL clinical trial (NCT03623750) [27]. In the present study,
we have found that ALK and RET positive NSCLC secreted tumor growth
factor alpha (TGFα) in an autocrine manner, and that both human epider-
mal growth factor (EGF) and TGFα significantly decreased the antitumor
activity of brigatinib, alectinib and crizotinib in EML4-ALK translocated
cells and the RET inhibitor BLU-667 in CCDC6-RET positive cells. The addi-
tion of anti-EGF VacAbs reversed the effects of EGF and TGFα, potentiated
the antitumor activity of the TKIs and delayed the appearance of resistant
clones. Our results provide a rationale for clinical trials of ALK and RET in-
hibitors in combination with anti-EGF vaccination in EML4-ALK and RET-
positive NSCLC patients.

Materials and methods

Rabbit antibodies and ELISAs

Anti-EGF VacAbs were obtained by immunizing rabbits with 4 injec-
tions of an EGF-like protein (Scotia Biologics Ltd., Aberdeen, UK) combined
with Montanide adjuvant (Seppic, Paris, France). Pre-immunization sera
from immunized rabbits were collected and purified to be used as control
antibodies (C-Abs). All sera were purified by Melon gel and treated by
caprylic acid to remove contaminants. The final preparation was analyzed
by enzyme-linked immunosorbent assay (ELISA). Briefly, recombinant
human EGF (2 μg/mL) or TGFα (2 μg/mL) were attached on wells of a
flat bottom 96 plate, wells were blocked, incubated with serial dilutions
of anti-EGF VacAbs and afterwards with goat anti-rabbit antibodies conju-
gated with peroxidase (GARPo). Finally, a substrate solution was added
for 20 min, the reaction stopped with 1 N NaOH and plates read at
405 nm an Infinite M Plex microplate reader (Tecan, Männedorf,
Switzerland).

ELISA was also used to determine the concentrations of EGF and TGF-α
in the conditioned medium of cell lines. Cell supernatants from cultures
grown in serum-free medium for 48 h were collected and cleared by centri-
fugation. EGF and TGF-α were assayed using Quantiquine ELISA human
EGF and TGF-α immunoassay (R&D systems, Minneapolis, MN, USA), ac-
cording to the manufacturer's instructions.

Materials and cell lines

TKIs were purchased from Selleck Chemicals (Houston, TX) or
MedChem Express (Monmouth Junction, NJ), EGF from Cell Signaling
Technologies (Beverly, MA) and antibodies forWestern blotting to Cell Sig-
naling Technology or Sigma-Aldrich (St. Louis, MO). All tissue culture ma-
terials were obtained from Gibco/Thermo Fisher Scientific (Paisley,
Scotland, UK). Three cell lines were used in the study; H3122, H2228,
LC-2/ad, which harbor EML4-ALKv1, EML4-ALKv3 andCCDC6-RET fu-
sions, respectively. The H3122 and H2228 cells were purchased from the
American Type Culture Collection (ATCC, Manassas, Virginia) while the
LC-2/ad cells were purchased from the European Collection of Authenti-
cated Cell Cultures General Collection (ECACC, Salisbury, United
Kingdom). All of themwere maintained in Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% fetal bovine serum (FBS),
50 mg/mL penicillin-streptomycin, 2 mM L-glutamine in a humidified at-
mosphere with 5% CO2 at 37 °C. Cells were weekly tested for mycoplasms
and authenticated by monthly genotyping for their driver alterations, TP53
mutations and a panel of 20 polymorphisms. After no more than 15 pas-
sages, cells were discarded and new, low-passage vials were thawed.
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Cell growth, viability, colony formation and emergence of resistant assays

To assess the effects of drugs, cells were seeded at 2000 (H3122 and LC-
2/ad) or 6000 (H2228) per well in 96-well plates, allowed to attach for 24 h
in RPMI+10% FBS, washed twice with PBS and treated with EGF or TGFα
(10 ng/mL), antibodies, kinase inhibitors or combinations for 72 h in
RPMI+0.5% human serum (HS). For calculation of growth curves, cells
were seeded at 1000 (LC-2/ad) or 2000 (H2228) per well and treated for
0, 24, 48, 72 and 96 h or each 48 h during 16 days. After treatment, cells
were incubatedwithmedium containing 0.75mg/mL Thiazolyl Blue Tetra-
zolium Bromide (MTT, Sigma Aldrich, St Louis, MO) for 1–2 h at 37 °C. Cul-
turemediumwas removed; formazan crystals reabsorbed in DMSO (Merck,
Darmstadt, Germany) and cell numbers were estimated using an Infinite M
Plex microplate reader (Tecan, Männedorf, Switzerland). Data were de-
rived from at least three independent experiments.

For colony formation, LC-2/ad cells were seeded at 1000 cells per well
in 6-well plates, incubated overnight and treated with BLU667 (100 nM),
anti-EGF VacAbs (1/50 dilution factor) and combination. Culture media
(RPMI-1640 + 10% FBS) and compounds were changed every three
days. On day 15, media was removed and wells washed with phosphate
buffered saline (PBS). The colonies were fixed with methanol for 25 min
at room temperature, stainedwith 0.5% of crystal violet for 15min, washed
with distilled water and allowed to dry overnight. Images were captured
with a Bio-Rad ChemiDoc MP Imaging System.

To study the acquisition of resistance to TKIs, we seeded 350H2228 and
LC-2/ad cells perwell in 96-well plates, using two plates per treatment (120
wells). Cells were allowed to attach and the treatments were started after
24 h in RPMI+10% FBS. Media were changed every week, plates were
inspected thrice a week under the microscope, and wells >50% confluent
were scored as positive [28].

Western blot and flow cytometry analysis

Cells were treated with EGF (10 ng/mL), C-Abs, anti-EGF VacAbs, ALK
andRET TKIs or combinations for 2 or 24 h in RPMI+0.5%HS. Afterwash-
ing twice with cold PBS, cultures were scraped into RIPA buffer and pro-
teins were analyzed by Western blotting, as described [26]. Membranes
were read with a Bio-Rad ChemiDocMP Imaging System.

For flow cytometry experiments, cells were treated for 24 h under the
same conditions described for Western blotting, trypsinized and centri-
fuged. Cell cycle and cell death analyses were performed as described [26].

Results

Anti-EGF VacAbs blocked the stimulatory effects of EGF and TGFα on cell prolif-
eration and downstream pathways in EML4-ALK and CCDC6-RET NSCLC
cell lines

First, we used ELISA to titrate the purified anti-EGF VacAbs and found
that the preparation had a titer of 1:16,000 against human EGF. We also
found that the anti-EGF VacAbs cross-reacted with human TGFα, showing
a titer of 1:1000 against this growth factor.

Next, we tested the effects of EGF and TGFα at 10 ng/mL on three
NSCLC cell lines, NCI-H3122, NCI-H2228 and LC-2/ad. The NCI-H3122
and NCI-H2228 cells carry variant 1 (E13:A20) and variant 3a (E6:A20)
EML4-ALK fusions; while the LC-2/ad harbors a CCDC6-RET fusion. The ad-
dition of EGF to cells growing in 0.5% human serum stimulated growth in
the 3 lines tested, particularly in NCI-H2228, where the effect reached
60–70% at 72 h. Regarding TGFα, it also increased the proliferation of
the NCI-H2228 and LC-2/ad cells, although to a lesser extent than EGF.
The addition of anti-EGF VacAbs suppressed the growth promoting effects
of EGF and TGFα in all the cell lines tested, while control antibodies (C-
Abs) had no activity (Supplementary Fig. 1A-E).

Western blotting experiments were subsequently performed to study
EGFR downstream pathways (Supplementary Fig. 1F-G). As expected,
EGF at 2 h strongly induced the phosphorylation of the EGFR receptor
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but had little effect on pSTAT3 or pAkt in the three cell lines tested, while
pErk1/2 activation was observed inH2228 and also in LC-2/ad cells at con-
centrations as low as 0.01 pg/mL (Supplementary Fig. 1H). Anti-EGF
VacAbs completely abolished the EGF-induced activation of EGFR, while
C-Abs showed no activity. When the incubation time was expanded to
24 h, we observed that EGF activated not only EGFR but also Erk1/2 in
H2228 and H3122 cells and Akt in H2228 and LC-2/ad. These effects
were partly or completely reversed when anti-EGF VacAbs were present
(Supplementary Fig. 2). Remarkably, EGF down-regulated total EGFR ex-
pression in H3122 and LC-2/ad cells, although pEGFR levels remained
elevated.

Finally, we investigated if the H2228, H3122 and LC-2/ad cell lines se-
creted EGF and TGFα. To this end, cells were incubated for 48 h in serum-
freemedium and the concentrations of the two ligands quantified by ELISA.
We found levels of 1.4 pg EGF/mL and 7.4 pg TGFα/mL for H2228 and
2.1 pg EGF/mL and 57.3 pg TGFα/m L in the case of H3122, while EGF
was undetectable in LC-2/ad conditioned medium and TGFα was found
at 2.4 pg/mL.

EGF and TGFα significantly reduced the antitumor effects of ALK and RET TKIs
on EML4-ALK and CCDC6-RET NSCLC cells

We subsequently characterized the effects of EGF and TGFα on the an-
tiproliferative activity of kinase inhibitors in our panel of NSCLC cells. In
cell viability experiments, we found that the presence of EGF or TGFα
(Fig. 1A-G) significantly reduced the antitumor effects of brigatinib,
alectinib and crizotinib in the H2228 and H3122 cell lines, at all
Fig. 1. Effects of EGF on the sensitivity ofALK andRET translocated cells to ALK and RET
10 ng/mL. Medium was RPMI+0.5% HS in all cases. (A-I) Results of 72 h proliferation
mean ± SEM. *, P < 0.05 compared to EGF treated cells.
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concentrations tested. Similarly, the antiproliferative activity of the RET in-
hibitor BLU-667 was significantly impaired in the LC-2/ad cell line when
EGF or TGFα were present (Fig. 1H-I). The effect was particularly strong
in the case of H2228 cells treated with ALK TKIs.

Experiments performed in H3122 cells grown in presence of EGF re-
vealed that ALK TKIs were capable of reducing the levels of pSTAT3 at
low concentrations, around 5 nM for brigatinib, 50 nM for alectinib and
100 nM for crizotinib (Supplementary Fig. 3). In contrast, complete inhibi-
tion of pAkt required higher dosages of TKI (50 nM, 500 nM and 5 μM, re-
spectively). Brigatinib and alectinib but not crizotinib also blocked the
phosphorylation of Erk1/2 in presence of EGF although, in contrast with
Akt or STAT3, the inhibition was not complete even at the highest concen-
trations of drug. In fact, in the case of brigatinib, the inhibitory effect on
pErk1/2was lost at concentrations≥1 μM. Finally, alectinib and crizotinib
did not altered EGFR activation in H3122, while brigatinib showed a weak
stimulating effect.

When the same experiments were performed in the H2228 cells, a strong
inhibition of STAT3 and Akt phosphorylation was also observed at low con-
centrations of ALK TKIs (Supplementary Fig. 3). In the case of brigatinib,
however, the effect on pAkt was lost at concentrations ≥1 μM. Regarding
Erk1/2 and EGFR, a complex picture emerged. In presence of EGF, alectinib
weakly increased pEGFR levels at high concentrations, while crizotinib and
brigatinib activated the receptor at concentrations ≥100 nM. Regarding
pErk1/2, crizotinib had a weak inhibitory effect while alectinib and
brigatinib at ≥0.5 μM stimulated Erk1/2 phosphorylation.

Finally, regarding the CCDC6-RET cell line, BLU-667 in presence of EGF
partly suppressed Erk1/2 phosphorylation only at concentrations≥500 nM
TKIs. The TKI's were added at the final concentrations indicated and EGF or TGFα at
assays. Data were pooled from at least three different experiments and presented as
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(Supplementary Fig. 3G). No significant effects were observed on pAkt,
while pSTAT3was only inhibited at 5 μM.Unexpectedly, a stimulatory effect
on pEGFR was observed at intermediate concentrations of BLU-667.

Anti-EGF VacAbs potentiated the antiproliferative effects of kinase inhibitors in
EML4-ALK and CCDC6-RET translocated cell lines

Since EGF and TGFα strongly reduced the activity of ALK and RET in-
hibitors in NSCLC cell lines, we hypothesized that anti-EGF VacAbs would
reverse these effects. MTT proliferation assays, flow cytometry, colony for-
mation and long-term proliferation experiments were used to test this hy-
pothesis. The results of the MTT proliferation assays, performed in
presence of 10 mg/mL EGF, are presented in Fig. 2 and Supplementary
Table 1. Anti-EGF VacAbs significantly increased the activity of brigatinib,
alectinib and, to a lesser extent, crizotinib, in the H3122 cell line. Conse-
quently, the IC50s of the ALK TKIs were 2- to 20-fold lower in presence of
the antibodies. The effects of anti-EGF VacAbs were stronger in the
H2228 cells, where a 10- to >100 fold reduction of the IC50s for brigatinib,
alectinib and crizotinib was observed. In the LC-2/ad cells, the antiprolifer-
ative effects of BLU-667 were also robustly enhanced by the anti-EGF
VacAbs, with a 1000-fold reduction in the IC50. In all cases, control antibod-
ies failed to show any effect. Finally, dose-response experiments in LC2/Ad
cells demonstrated a significant blockade of the antitumor effects of BLU-
667 also at 1 ng/mL of EGF, which was fully reversed by anti-EGF VacAbs
(Supplementary Fig. 4A-B).
Fig. 2. Effects of anti-EGF VacAbs in combination with ALK and RET inhibitors in
concentrations indicated, EGF or TGFα at 10 ng/mL, antibodies at 1/50 or 1/5 dilutio
in all cases. (A-I) Results of 72 h proliferation assays. Data were pooled from at least th
C-Ab treated cells. C-Ab, control antibodies; Ab, anti-EGF VacAbs.
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Growth curves of the H2228 and LC-2/ad cell lines at 4–15 days con-
firmed a very limited antiproliferative activity of brigatinib and BLU-667
at 100 nM in presence of EGF, which was greatly potentiated if anti-EGF
VacAbs were added (Fig. 3A-B). Colony formation experiments in LC-2/
ad showed similar results (Supplementary Fig. 4C). Cell cycle and Annexin
V experimentswere performed inH2228 and LC-2/ad to further investigate
these effects. The addition of EGF significantly increased the number of
cells in S + G2/M, as expected, while anti-EGF VacAbs, brigatinib or
BLU-667 single agent had modest effects. However, when the TKIs were
combined with the antibodies, a significant reduction in the percentage of
proliferating cells was observed (Fig. 3C-D). Regarding Annexin V, a pre-
liminary experiment demonstrated that the presence of EGF blocked TKI-
induced apoptosis in LC-2/ad cells at concentrations of BLU-667 up to
100 nM (Supplementary Fig. 4D). The addition of anti-EGF VacAbs
prevented this blockade, triggering cell death at 100 nM drug (Fig. 3F). In
contrast, the differences in the percentage of apoptotic cells did not reach
statistical significance in the case ofH2228 and brigatinib 100 nM (Fig. 3E).

In addition to EGF, we had observed that anti-EGF VacAbs recognized
TGFα, although with a significantly lower titer. In consequence, we ana-
lyzed if anti-EGF VacAbs could also reverse the deleterious effect of TGFα
in the activity of ALK and RET inhibitors. We found that the antibodies sig-
nificantly increased the antiproliferative activity of brigatinib in H2228
cells when TGFα was present. In contrast, limited effects were observed
in the case of LC-2/ad cells treated with BLU-667 and TGFα (Fig. 3C, Sup-
plementary Table 1).
ALK and RET translocated cell lines, respectively. TKI's were added at the final
n in experiments with EGF and TGFα, respectively. Medium was RPMI+0.5% HS
ree different experiments and presented as mean ± SEM.*, P < 0.05 compared to



Fig. 3. Effects of anti-EGF VacAbs in combination with ALK and RET TKIs in ALK and RET translocated cell lines, respectively. TKI's were added at the final concentrations
indicated, antibodies at a 1/50 dilution and EGF at 10 ng/mL. Medium was RPMI+0.5% HS in all cases. (A-B) Growth curves of proliferation assays at 4 and 16 days,
respectively. (C-D) Percentage of cells in S + G2/M phase by flow cytometry. (E-F) Percentage of apoptotic cells by annexin V analysis. Final concentrations of the
selected TKIs were 100 nM brigatinib in H2228 (A, C, E) and 100 nM BLU-667 in LC-2/ad (B, D, F). Results shown are representative of three different experiments.
Medium was RPMI+0.5% HS. Ab, anti-EGF VacAbs.
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Anti-EGF VacAbs in combination with TKIs efficiently block the EGFR signal
transduction pathways in EML4-ALK and CCDC6-RET translocated cell lines

Western blotting after a 2 h incubation period was used to analyze the
effects of kinase inhibitors and anti-EGF VacAbs on the activation of
EGFR, Erk1/2, Akt and STAT3. A first set of experiments revealed that, in
presence of EGF, brigatinib at 100 or 1000 nM inhibited the phosphoryla-
tion of STAT3 and, to a lesser extent, Akt, but significantly increased the
levels of pEGFR and pErk1/2 in H2228 cells, as previously observed. The
addition of anti-EGF VacAbs reversed this stimulatory effect and, conse-
quently, the combination of anti-EGF VacAbs and brigatinib achieved com-
plete inhibition of pEGFR, pAkt and pSTAT3, and almost complete of
pErk1/2 (Fig. 4A). In the case of the H3122 cells, brigatinib in presence
of EGF stimulated EGFR but not Erk1/2 phosphorylation and, again, com-
plete or almost complete inhibition of pEGFR, pAkt, pErk1/2 and pSTAT3
was observed when the ALK TKI was combined with anti-EGF VacAbs
(Fig. 4B).

Subsequent experiments with alectinib and crizotinib in H2228 and
H3122 cells showed that, at the concentrations tested, the inhibitory activ-
ity of both TKIs on pErk1/2 and pAkt was significantly impaired if EGF was
added. Interestingly, crizotinib but not alectinib also increased the levels of
pEGFR in this setting, while activation of Erk1/2 by alectinib was observed
in H2228 cells (Fig. 4C-F, compare lanes “Alectinib” vs “Alectinib/EGF” or
“Crizotinib” vs “Crizotinib/EGF”). Consequently, only the combination
ALK TKI + anti-EGF VacAbs achieved an effective blockade of EGFR,
Erk1/2, Akt and STAT3 activation when EGF was present.

In the case of the RET+ LC-2/ad cell line, Western blotting revealed
BLU-667 stimulated EGFR phosphorylation at the concentration tested
(500 nM), an effect that was blocked with the addition of anti-EGF VacAbs
(Fig. 4G, compare lanes “BLU-667” vs. “Ab+BLU-667”). The combination
of the two agents was also clearly superior in the inhibition of STAT3 and
Erk1/2 phosphorylation, while the effects on Akt did not seem significant.

Anti-EGF VacAbs delay in vitro the emergence of resistance to ALK-TKIs

Activation of the EGFR pathway is one of the mechanisms associated
with intrinsic and acquired resistance toALKTKIs [29–31]. In consequence,
we decided to investigate the effects of anti-EGF VacAbs on the emergence
of resistance to ALK and RET TKIs in vitro. Low confluence H2228 and LC-
2/ad cultures growing in 96-well plates were treated with brigatinib (1
μM), alectinib (5 μM), crizotinib (0.1 μM), BLU-667 (0.5 μM), anti-EGF
VacAbs (1/10 dilution) or a combination, wells were inspected three
times perweek and those reaching 50% confluencewere scored as positive.
We found that the presence of the anti-EGF VacAbs significantly delayed
the emergence of resistant colonies to the four ALK and RET TKIs tested,
while C-Abs had no effect (Fig. 5, Supplementary Fig. 5). In the case of
brigatinib and crizotinib, resistant colonies appeared in all wells after 40
and 80 days, respectively, compared to 82 and 150 when anti-EGF VacAbs
were present. But the strongest effect of the antibodies was observed for
BLU-667 and alectinib, with resistant colonies in 50% of the wells after
25 days in absence of anti-EGF VacAbs compared to 65 days for BLU-667
and 105 days for alectinib when the antibodies were present.

Discussion

Mutations in the EGFR gene, EML4-ALK and RET fusions are the most
frequent druggable drivers in advanced NSCLC, being present in around
20% of patients in Western countries. First line treatment with TKIs is the
standard of care in these cases, while immune checkpoint inhibitors have
not shown any clinical benefit, alone or in combination with TKIs
[17–22]. This fact is probably a consequence of the un-inflamedmicroenvi-
ronment present in EGFR, ALK and RET tumors, with frequently low PD-L1
levels, lack of T-cell infiltration and low tumor mutation burden [25,32]. In
consequence, new immunotherapeutic approaches that can be safely and
effectively combined with TKIs could be of great interest in EGFR/ALK/
RET positive patients. Vaccination against EGF, also referred to EGF-PTI
6

[33], does not induce significant toxic side-effects and represents a novel
immunotherapeutic strategy that, instead of activating the T-cells, targets
the B-cells in order to generate antibodies that neutralize circulating EGF,
thus preventing its binding to EGFR. We have recently reported that anti-
EGF VacAbs significantly enhance the antitumor effects of EGFR TKIs in
EGFR-mut NSCLC cell linemodels [26] and a Phase I trial of an EGF vaccine
in combination with afatinib is currently underway [27]. In the study pre-
sented here, we also demonstrate that anti-EGF VacAbs potentiate the anti-
tumor effects of ALK and RET TKIs in EML4-ALK and CCDC6-RET NSCLC
cell line models, significantly enhancing the blockade of downstream onco-
genic activation pathways and delaying the emergence of resistance.

Despite the initial clinical benefit, EML4-ALK patients treated with ALK
TKIs acquire resistance and progress after 12–18 months of treatment
[30,34,35]. In addition, a small but significant percentage of ALK-positive
tumors present intrinsic resistance and do not respond to first line TKI ther-
apy [36]. Several lines of evidence indicate that the EGF/EGFR/MAPK
pathway is involved in both types of resistance. The addition of exogenous
EGF and TGFα has been shown to reduce the sensitivity of EML4-ALK cells
growing in vitro to the ALK inhibitor TAE684 by blocking its inhibitory ef-
fects on Erk1/2 and STAT3 phosphorylation [37,38]. In addition, the RAS-
MAPK pathway, but not other downstream effectors such as PI-3 K or JAK/
STAT, has been described to be essential for survival in EML4-ALK tumor
cells; and combined treatment with MEK and ALK inhibitors has been pro-
posed for EML4-ALK patients [39]. In H3122 cells with acquired resistance
to crizotinib, expression of TGFα [40] or EGF, EGFR, ErbB-2 and ErbB-3
was found to be upregulated and treatment with EGFR-TKIs induced apo-
ptosis in resistant but not in parental cells [41]. More importantly, it has
been reported that EGF-mediated activation of EGFR impaired binding of
TKIs to ALK, ROS1, RET and NTRK1 fusion oncoproteins, shifted adaptor
protein binding from these oncoproteins to EGFR and facilitated bypass
through MAPK and other downstream pathways [42]. Taken together,
these results lead to the suggestion that the addition of agents targeting
EGFR activation in fusion-positive NSCLC patients would reduce the risk
of developing drug resistance [42]. However, the only two trials published
combining ALK with EGFR TKIs have reported substantial toxicity leading
to reduction of dosages and discontinuation of the studies [43] [44].
Consequently, in the clinical setting, EGFR TKIs do not seem to be a viable
alternative to block EGF/EGFR pathway in fusion positive patients. In con-
trast, immunization against EGF, which targets the growth factor instead of
the membrane receptor, does not induce significant toxic side effects and
could be safely combinedwith TKIs [27,33]. At this respect, our results sug-
gest that vaccination against EGF can not only prevent the emergence of ac-
quired resistance to ALK TKIs but also be effective in patients with intrinsic
resistance to these agents, since anti-EGF VacAbs potentiated the activity of
TKIs in H2228 and H3122 cells, reversing the deleterious effect of EGF and
effectively blocking EGFR and Erk1/2 phosphorylation.

Our study has some limitations. First, the effects of the anti-EGF VacAbs
in combination with ALK TKIs could not be further tested in xenograft stud-
ies. Xenografts models involve athymic mice, which cannot be easily vacci-
nated against EGF or other proteins due to their defective immune system.
A second limitation of our study is related to the nature of the polyclonal an-
tibodies used, which were raised against human EGF but also recognized
TGFα, probably as a consequence of the 42% homology between the two
proteins [45]. However, the titer of the anti-EGF VacAbs against TGFα was
low and did not allow us to fully characterize their anti-TGFα effects at the
molecular level. The autocrine production of TGFα in the EML4-ALK cells
tested and the significant deleterious effect of this growth factor against
ALK andRET TKIs indicate that the effects of an anti-EGF vaccine that be fur-
ther enhanced with a combined vaccination against TGFα. Finally, a third
limitation of our study was that we only studied EGFR and not other recep-
tors of the ErbB family. Both EGF and TGFα are known to bind to EGFR but
to induce two kinds of receptor dimers, the EGFR/EGFR homodimer and the
EGFR/ErbB-2 heterodimer, which could play a differential role in the effects
of the anti-EGF VacAbs and the combination with TKIs.

Several EML4-ALK variants with different breaking points have been
identified, being variant 1 (v1) and variant 3 a/b (v3a/b) themost common



Fig. 4. Effects of anti-EGF VacAbs in combination with ALK and RET TKIs in ALK and RET translocated cell lines, respectively. Western blot analysis of selected markers in
different cell lines. TKI's were added at the final concentrations indicated, antibodies at a 1/50 dilution and EGF at 10 ng/mL.Mediumwas RPMI+0.5%HS in all cases. Final
concentrations of the selected TKIs were 100 nM and 1000 nM brigatinib in H2228 (A), 10 nM and 100 nM brigatinib in H3122 (B), 100 nM alectinib in H2228 (C), 50 nM
alectinib in H3122 (D), 500 nM crizotinib in H2228 (E), 500 nM crizotinib in H3122 (F) and 500 nMBLU-667 in LC-2/ad (G). Mediumwas RPMI+0.5%HS, incubation time
2 h; Ab, anti-EGF VacAbs.
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Fig. 5. Effects of anti-EGF VacAbs in emergence of resistance to ALK and RET TKIs in ALK and RET translocated cell lines. (A-D) Emergence of resistant colonies to brigatinib,
alectinib and crizotinib in H2228 and to BLU667 in LC-2/ad under different conditions. Medium was RPMI+10% FBS, no EGF was added.
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[46]. The EML4-ALKv1 has been associated with a better response to ALK
TKIs, while v3 seems to correlate with a higher frequency of metastatic dis-
ease, shorter PFS and worse overall survival (OS) to first and second line
TKIs [47,48]. In our study, we found that the H2228 cell line, which carries
v3, was more strongly stimulated by EGF than the H3122 cell line, harbor-
ing v1 (Fig. 1). Also, the deleterious effects of EGF on the activity of
brigatinib, alectinib and crizotinib were particularly intense in H2228
cells (Fig. 2) and, unexpectedly, the three ALK TKIs were found to induce
Erk1/2 and/or EGFR activation in presence of EGF. In consequence, the
benefits of the addition of anti-EGF VacAbs were more pronounced in the
H2228 cell line (Figs. 2 and 4). These results suggest that the combination
of ALK TKIs with anti-EGF vaccine might be particularly beneficial in pa-
tients carrying EML4-ALKv3.

In summary, our results demonstrate that anti-EGF VacAbs significantly
potentiate the antiproliferative effects of ALK and RET TKIs in EML4-ALK
and CCDC6-RET cell lines, suppressing the deleterious effects of EGF and
TGFα, delaying the emergence of resistant clones, and effectively blocking,
in combination, the activation of downstream pathways. Based on these
findings; phase I trials of anti-EGF vaccines in combination with ALK and
RET TKIs are warranted in ALK and RET-positive NSCLC patients.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tranon.2020.100887.
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