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Targeted degradation of pathological proteins is a promising approach to enhance the effectiveness of thera-
peutic monoclonal antibodies (mAbs) in cancer therapy. In this study, we demonstrate that this objective can be
efficiently achieved by the grafting of mannose 6-phosphate analogues called AMFAs” onto the therapeutic
antibodies trastuzumab and cetuximab, both directed against membrane antigens. The grafting of AMFAs confers
to these antibodies the novel property of being internalized via the mannose 6-phosphate receptor (M6PR)
pathway. AMFA conjugation to these mAbs significantly increases their cellular uptake and leads to enhanced
degradation of the target antigens in cancer cells. This results in a drastic inhibition of cancer cell proliferation
compared to unconjugated mAbs, as demonstrated in various cancer cell lines, and an increased therapeutic
efficacy in mouse and zebrafish xenografted models. These findings highlight the potential of this technology to

improve therapeutic outcomes in cancer treatment.

1. Introduction

Anti-cancer therapies are constantly evolving to become more
powerful tools to fight cancer, and immunotherapy with monoclonal
antibodies (mAbs) is now playing a key role in this fight. mAbs are
widely used to treat cancer, recruit the immune system, or modulate the
response to the treatment [1,2]. However, a growing interest in antibody
research today is to make mAbs more effective and various antibody
constructs and derivatives are being developed for this purpose [3].
Innovative technologies that can induce the degradation of pathogenic
antigens in addition to their neutralization have emerged as a possible
way to enhance the therapeutic potential of mAbs. Antigen degradation
can be achieved by cellular mechanisms such as the proteasome ma-
chinery or the lysosomal catabolic function, leading to the design of
complex molecules such as proteolysis-targeting chimeras (PROTACs)
[4] or lysosome-targeting chimeras (LYTACs) conjugated antibodies [5].
In the search for lysosomal delivery of pathogenic proteins for their
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degradation, mannose 6-phosphonate derivatives (M6Pn) called AMFAs,
for Analogues of Mannose 6-phosphate Functionalized at Anomeric
position, represent a flexible and rapid approach to protein engineering
and allow the generation of mAb-AMFA [6,7]. These functionalized
analogues are highly specific for the cation-independent mannose
6-phosphate receptor (M6PR), the key receptor for lysosomal addressing
of the proteins [8]. A previous study showed that the grafting of AMFAs
onto therapeutic mAbs confers binding affinity for the M6PR and a high
internalization rate, while preserving their affinity for the antigen and
their ability to be recycled thanks to the interaction with the Fc neonatal
receptor (FcRn) [9]. The AMFA technology has demonstrated its efficacy
in inducing the degradation of extracellular antigens by means of
AMFA-engineered antibodies [7]. We now propose to apply this tech-
nology to antibodies targeting membrane proteins involved in cancer in
order to increase their efficacy by inducing the degradation of their
antigen.

The study focuses on the engineering of two already marketed

2 AMFA: Analogues of the Mannose 6-phosphate Functionalized at Anomeric Position
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antibodies, cetuximab (CTX) and trastuzumab (TRZ), which target the
epidermal growth factor receptor (EGFR)[10] and human epidermal
growth factor receptor-2 (HER2) [11], respectively. These receptors,
which are abnormally activated or overexpressed in various tumors,
play a critical role in tumor growth by participating in the inhibition of
apoptosis and increased cell proliferation. The two antibodies were
grafted with AMFAs, resulting in CTX-AMFA and TRZ-AMFA, and they
were chosen as models to prove the degradation of the membrane an-
tigens, i.e. EGFR and HER2, respectively, by addressing them to lyso-
somes. We have shown that AMFA conjugation allows for greater target
degradation already at low antibody concentrations and a greater
anti-proliferative effect in vitro when cells were treated with mAb-AMFA
as compared to bare mAb. Finally, in vivo experiments in mice or
zebrafish embryos xenografted with ovarian and colorectal cancer cells
demonstrated that mAb-AMFAs provided a better tumor growth inhi-
bition than mAbs.

2. Material and methods
2.1. Cell culture

The BT-474, ZR-75-1 and LNCaP breast cancer cell lines were
maintained in RPMI 1640 GlutaMax culture medium (Sigma-Aldrich, St
Louis, Missouri, USA), supplemented with 10 % fetal bovine serum
(FBS), 1 % penicillin-streptomycin (P/S, Sigma-Aldrich, St Louis, Mis-
souri, USA). LNCaP medium was supplemented with 1 % sodium py-
ruvate, 1 % glucose and 1 % HEPES. HeLa cervical cancer, HepG2 liver
cancer and A431 epidermoid carcinoma cell lines were cultured in
DMEM GlutaMax culture medium (Sigma-Aldrich, St Louis, Missouri,
USA) supplemented with 10 % FBS and 1 % P/S. SKOV3 ovarian cancer
cell line was maintained in DMEM-F12 culture medium supplemented
with 10 % FBS. HaCaT keratinocyte cell line was maintained in Kerati-
nocytes Growth Medium 2 culture medium (Promocell, Heidelberg,
Germany) supplemented with CaCl,, Supplement Mix (Promocell) and
with 1 % P/S. HT-29 colorectal cancer cell line was maintained in Mc-
Coy’s 5 A GlutaMax culture medium (Sigma-Aldrich, St Louis, Missouri,
USA) supplemented with 10 % FCS and 1 % P/S.

2.2. AMFA grafting and AMFA quantitation per antibody

The antibodies were oxidized with 1 mM sodium metaperiodate so-
lution for CTX and 5 mM solution for TRZ at 4 °C. After 30 min, the
oxidation was stopped by the addition of glycerol (20 pL/mL) and mAbs
were purified on a PD-10 desalting column prepacked with G-25
Sephadex resin. AMFA was then added and kept under gentle agitation
for 2 h at 37 °C. Finally, samples were dialyzed overnight against a
phosphate buffer specific to the antibody. The molecular weight of the
antibodies before and after AMFA grafting was determined by MALDI-
TOF analysis.

2.3. mAb-AMFA characterization

Before gel loading, mAb-AMFAs and mAbs were quantified by the
Bradford method and then resolved by non-reducing and reducing SDS-
PAGE. After transfer to PVDF membranes, antibodies were detected with
horseradish peroxidase (HRP)-conjugated secondary anti-human anti-
body (1:5000 dilution, Jackson ImmunoResearch) or with rabbit anti-
AMFA antibody (1:1000 dilution, NanoMedSyn) and anti-rabbit HRP-
conjugated antibody (1:10,000 dilution, Jackson ImmunoResearch) and
incubated with ECL detection reagent (Perkin Elmer).

2.4. mAb-AMFA binding affinity for M6PR and the antigen
The affinity for the M6PR was analyzed by ELISA. 0.5 ug of M6PR

were adsorbed on a Maxisorp microplate and incubated overnight at 4
°C. The plate was saturated with 2 % BSA, and then the antibodies were
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incubated at concentrations ranging from 5-1078 to 5:107° M at 37 °C
for 90 min. Incubation with an anti-human IgG HRP-conjugated anti-
body (1:5000) and the further addition of 3,3',5,5-tetramethylbenzidine
(TMB) substrate were used to detect the antibodies bound to the coated
MG6PR. Absorbance was read at 650 nm.

Affinities of mAb-AMFA for their targets were quantified by ELISA.
EGFR and HER2 diluted in 0.1 M carbonate buffer pH 9.6 were adsorbed
on a Maxisorp microplate (Nunc) at 4 °C. Increasing antibody concen-
trations ranging from 0.005 to 1 pg/uL were incubated with the antigen
adsorbed on the plate for 1 h at 37 °C. The mAbs retained on the plate
were quantified by using anti-human IgG coupled to HRP and the
addition of o-phenylenediamine dihydrochloride (OPD) substrate. Ab-
sorbances were read at 450 nm.

2.5. EGFR, HER2 and M6PR expression

A431, BT-474, Hela, HepG2, HT-29, LNCaP, SKOV3 and ZR-75-1
cell lines were seeded in T25 flasks. Cell lysates were prepared and
analyzed by Western blot to assess the EGFR, HER2 and M6PR levels.
Membranes were probed with rabbit anti-EGFR antibody (1:500 dilu-
tion, ThermoFisher), mouse anti-HER2 antibody (1:500 dilution, Invi-
trogen), rabbit anti-M6PR antibody (1:50,000 dilution, Abcam) and
anti-rabbit HRP-conjugated antibody (1:10,000 dilution, Jackson
ImmunoResearch) or anti-mouse HRP-conjugated antibody (1:5000
dilution, Fisher Scientific), accordingly. GAPDH was used as a loading
control by probing membranes with a mouse anti-GAPDH antibody
(1:50,000 dilution, Proteintech) followed by an anti-mouse HRP-con-
jugated antibody (1:5000 dilution, Amersham). The proteins were
detected using an ECL detection reagent (Perkin Elmer).

2.6. Assessment of mAb and mAb-AMFA internalization by confocal
microscopy

HeLa, HepG2 or SKOVS3 cells were treated for 5 h or 24 h with 5 nM
mADb or mAb-AMFA preincubated for 15 min with 2.5 nM anti-human
IgG antibody coupled with AlexaFluor647® according to manufac-
turer’s instructions. To highlight the role of M6PR in CTX-AMFA cell
uptake, an excess of 20 mM AMFA was added to the cell culture medium
of HeLa cells together with CTX-AMFA to saturate M6PR and thus pre-
vent the CTX-AMFA binding. Cell fluorescence was analyzed under
confocal microscopy. Images of confocal microscopy were acquired with
the ZEISS LSM880 device and analyzed with the ImageJ software.

2.7. Assessment of CTX and CTX-AMFA internalization by flow
cytometry

CTX and CTX-AMFA were grafted to AlexaFluor488® dye according
to manufacturer’s instructions and HeLa or HepG2 cells were treated
with 5nM CTX and CTX-AMFA, respectively, for 5 h. M6PR involvement
in CTX-AMFA internalization was evaluated by 20 mM AMFA addition
in the culture medium. The fluorescence of the treated cells was
analyzed by flow cytometry.

2.8. Degradation of HER2 protein

BT-474, ZR-75-1 and SKOV3 cells were plated at 3-10° cells/mL in 6-
well plates. After 24 h, cells were treated with 5 nM TRZ or TRZ-AMFA
for 5 h or 24 h. BT-474 and ZR-75-1 cell lysates were analyzed by
Western blot to assess the HER2 level. Membranes were probed with a
mouse anti-HER2 antibody (1:400 dilution, Invitrogen) and anti-mouse
HRP-conjugated antibody (1:5000 dilution, Fisher Scientific). Actin was
used as a loading control by probing membranes with a rabbit anti-actin
antibody (1:1000 dilution, Abcam) and an anti-rabbit HRP-conjugated
antibody (1:10,000 dilution, Jackson ImmunoResearch). The proteins
were detected with ECL revelation system (Perkin Elmer) and quantified
using Image J software. For the ELISA dosing, SKOV3 and ZR-75-1 cells
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Fig. 1. Characterization of CTX and TRZ grafted with AMFA. SDS-PAGE detection of CTX (A) and TRZ (B) before and after AMFA grafting. Non-reducing and
reducing SDS-PAGE analyses followed either by Coomassie blue staining of the antibodies or by Western blotting using anti-human IgG or anti-AMFA antibodies.

were lyzed and tested for HER2 level by following the manufacturer’s
protocol of the HER2 ELISA Kit (R&D System).

2.9. Degradation of EGFR protein

HepG2 and HT-29 cells were plated at 8-10° cells/mL in 6-well
plates. After 24 h, cells were treated with 10 nM CTX or CTX-AMFA
for 5 h or 24 h. Cell lysates were analyzed by Western blot to assess
the EGFR level. Membranes were probed with rabbit anti-EGFR anti-
body (1:500 dilution, ThermoFisher) and anti-rabbit HRP-conjugated
antibody (1:10,000 dilution, Jackson ImmunoResearch). Tubulin was
used as a loading control by probing membranes with a mouse anti-actin
antibody (1:2000 dilution, Sigma) and an anti-mouse HRP-conjugated
antibody (1:5000 dilution, Fisher Scientific). The proteins were detected
with ECL reagent (Perkin Elmer) and quantified using the Image J
software.

2.10. Immunofluorescence detection of EGFR protein

To evaluate the localization of EGFR in cells after anti-EGFR treat-
ment, HeLa cells were treated with 10 nM CTX or CTX-AMFA for 24 h.
Then, 2 h before the end of the experiment, polyclonal anti-EGFR anti-
body (1:1000 dilution, Invitrogen) was added for 1 h at room temper-
ature, then an anti-rabbit antibody coupled with FITC (1:200 dilution,
Invitrogen) was incubated for 1 h at room temperature. Fluorescence
was assessed by confocal microscopy with the ZEISS LSM880 device and
images were analyzed with the ImageJ software to evaluate the presence
of EGFR.

2.11. Anti-proliferation assay

A431 or HT-29 cells were seeded at 2-10* cells/mL in a 96-well plate
and cultured for 24 h. Then, A431 and HT-29 cells were treated for 48 h
with 0.5, 1, 5 and 10 nM CTX or CTX-AMFA. HeLa and ZR-75-1 cells
were plated at 1-10* cells/mL and were respectively treated with 0.5, 1,
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Fig. 2. Binding affinity of CTX-AMFA and TRZ-AMFA for M6PR and their target. (A) Binding affinity for M6PR. The affinity of CTX or CTX-AMFA (left) and TRZ or
TRZ-AMFA (right) for M6PR was determined by ELISA. Results are presented as the absorbance of mAb or mAb-AMFA bound to M6PR and detected with HRP-
conjugated anti-human IgG antibody. Non-specific adsorption values of the antibodies bound to uncoated wells are subtracted. (B) Antigen affinity. The affinity
of CTX or CTX-AMFA (left) and TRZ or TRZ-AMFA (right) for EGFR and HER2, respectively, was determined by ELISA. Results are presented as the absorbance of
mAb or mAb-AMFA detected by HRP-conjugated anti-human IgG antibody (mean + SEM from triplicates).
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Fig. 3. Internalization of mAb and mAb-AMFA into cells. (A-B) Internalization of CTX or CTX-AMFA by confocal microscopy. HeLa cells (A) or HepG2 cells (B) were
treated for 5 h with 5 nM CTX or CTX-AMFA which were detected with 2.5 nM anti-human IgG antibody coupled to AlexaFluor647®. A-20 mM AMFA excess was
used to prevent the cell uptake mediated by M6PR. Results are presented as the mean fluorescence + SEM per cell determined in 30 cells. (C-D). Internalization of
CTX and CTX-AMFA by flow cytometry. HeLa (C) and HepG2 cells (D) were treated with 5 nM CTX or CTX-AMFA labeled with AlexaFluor488® for 5 h. An excess of
20 mM AMFA was used to inhibit CTX-AMFA cell uptake mediated by M6PR. Data are expressed as the percentage + SEM of cell fluorescence compared to CTX
(n=2). (E) Internalization of TRZ and TRZ-AMFA by confocal microscopy. SKOV3 cells were treated with 5 nM TRZ or TRZ-AMFA and with 2.5 nM anti-human IgG
antibody coupled with AlexaFluor647® for 24 h. Microscopy was performed on living cells and data are expressed as the mean fluorescence + SD of antibody per
cell quantified in 60 cells. Tukey’s test was performed for multiple comparisons. Student’s t-test was performed for paired analysis: * p value < 0.05; ** p value
< 0.01.
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5, 10 nM CTX or CTX-AMFA and 1, 5, 20 and 50 nM TRZ or TRZ-AMFA
in presence of 200 ng/mL EGF for 48 h and 72 h. After treatment, 3-[4,5-
dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide (MTT) was
added to each well and cells were incubated for 3 h at 37 °C. The
absorbance was read at 540 nm.

2.12. Wound healing assay

HaCaT cells were seeded at 1-10° cells/mL in 6-well plates and
cultured for 24 h. Then, a scratch was realized on confluent cells with a
200 uL tip to mimic a wound. The scratched area was photographed.
Cells were treated with 10 nM CTX or CTX-AMFA for 72 h. Imaging was
performed at 24, 48 and 72 h to monitor the scratched area. The wound
area was then analyzed by ImageJ and the results were calculated as the
area relative to the area at O h of treatment.

2.13. Treatment of mice xenografted with SKOV3 cells

Animal experiments were performed in accordance with the Euro-
pean guidelines (Directive 2010/63/EU) and approved by the
Languedoc-Roussillon Animal Research Ethics Committee (CEEA-LR
n°36) and the French Ministry of Higher Education and Research
(#35530-20220221154253). To assess the efficacy of TRZ-AMFA in vivo,
5-6 week old Balb/c nude mice were injected subcutaneously with
SKOV3 cells at 2:10° cells/100 pL in the right flank. When xenografted
tumors reached 50 mm? according to the formula W xDx0. 52, where
w is the width and [ is the length, mice were randomly divided into three
homogeneous groups and received 8 weekly intraperitoneal injections of
vehicle alone, i.e. a saline solution (CTRL group), 6 mg/kg TRZ (TRZ
group) or 6 mg/kg TRZ-AMFA (TRZ-AMFA group). Mice were constantly
monitored for their health status and weighed weekly, and tumors were
measured with a caliper. At the end of the experiment, animals were
euthanized, and tumors and tissues were collected.

2.14. Treatment of zebrafish embryos xenografted with HT-29 or SKOV3
cells

The casper zebrafish strain was purchased from the Zebrafish Inter-
national Resource Center (EIRC). The animals were housed and cared at
the zebrafish platform of Molecular Mechanisms in Neurodegenerative
Dementia (MMDN) Unit, Inserm U1198, University of Montpellier ac-
cording to European guidelines.

Experiments were conducted on zebrafish embryos in accordance
with the EU Directive 2010/63/EU on the protection of animals used for
scientific purposes and approved by the Languedoc-Roussillon Animal
Research Ethics Committee (CEEA-LR n°.36) and the French Ministry of
Higher Education and Research (#8884-2017021011315319).

48 h after seeding, HT-29 or SKOV3 cells were treated for 24 h with
10 nM CTX or CTX-AMFA, or 5 nM TRZ or TRZ-AMFA, respectively.
After incubation, the cells were washed twice with PBS, trypsinized and
then incubated with 2 ug/mL of Dil Stain (1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine perchlorate, Invitrogen) for 15 min at 37
°C. Embryos were anesthetized with 168 mg/L tricain, placed in the
agarose mold and injected by receiving 1-3 pulses of 3 nL of cell sus-
pension (3-107 cells/mL) into the pericardial cavity then kept in water at
31 °C. After 24 h, embryos were injected intravenously with 5 % glucose
solution (CTRL) or with 5 ng per embryo of CTX or CTX-AMFA diluted in
5 % glucose solution or with 3.6 ng per embryo of TRZ or TRZ-AMFA
diluted in 5 % glucose solution. After injection embryos were imaged
using EVOS5000 microscope (T0). Embryos were then allowed to
develop at 31 °C and were observed at 24, 48 and 72 h post injection
(hpi). The fluorescence relative to the area of the cancer cell xenografts
was quantified using ImageJ software.
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2.15. Statistical analysis

Statistical analyses were performed by using GraphPad prism 8.0.
Student’s t-test and Tukey’s test were used to determine statistical dif-
ferences between the means of in vitro experiments. Tukey’s test was
used to perform one-way ANOVA and mixed effect analysis for multiple
comparisons in in vivo experiments. Fisher’s exact test was performed to
assess the significance of the difference between the number of in-
dividuals with metastases. A p-value of less than 0.05 (p < 0.05), 0.01 (p
< 0.01), 0.001 (p < 0.001) or 0.0001 (p < 0.0001) was considered
statistically significant.

3. Results
3.1. Characterization of AMFA grafting onto mAb

The AMFA was grafted onto the oligosaccharide chains of CTX and
TRZ as previously described [9], and mAb and mAb-AMFA were first
analyzed by SDS-PAGE. As shown in Fig. 1 with Coomassie staining
under non-reducing conditions, only the characteristic protein band at
150 kDa is present, indicating no visible antibody degradation related to
the grafting process. This observation was confirmed by Coomassie
staining under reducing conditions as well as by Western blot with
anti-human IgG detection, where both heavy chains (55 kDa) and light
chains (25 kDa) were observed. Finally, AMFA were detected only on the
heavy chains of CTX-AMFA (Fig. 1A) and TRZ-AMFA (Fig. 1B), with no
signal on the light chains. The grafting was confirmed by MALDI-TOF
analysis which showed the grafting of 3.8 + 0.2 AMFA for TRZ-AMFA
(n=5) and 3.8 + 0.5 for CTX-AMFA (n=3).

3.2. Affinity of mAb-AMFA for M6PR and their antigens

To analyze the effects of the AMFA grafting to mAbs, the gain of
affinity for M6PR and the affinity for their respective antigens were
examined. Fig. 2A clearly shows that AMFA grafting enables CTX and
TRZ to acquire a high affinity for M6PR, compared to an undetectable
affinity for unconjugated mAbs. In Fig. 2B, CTX-AMFA and TRZ-AMFA
have the same affinity for their antigens, EGFR and HER2, respec-
tively, as their unmodified counterparts. These results indicate that
AMFA grafting confers to the antibodies the ability to bind the M6PR
with a high affinity without affecting the affinity for their targets.

3.3. Cellular levels of EGFR, HER2 and M6PR

The levels of M6PR, HER2 and EGFR were evaluated in the different
cell lines used for the experiments. All cells do express the M6PR,
although at different levels (Fig. S1). The prostate cancer cell line LNCaP
was used as a control for M6PR overexpression [12]. Concerning EGFR
expression, the cells used for CTX experiments all express EGFR, and in
particular the A431 cells overexpress it. For HER2 expression, the
BT-474 cell line overexpresses the receptor, while the other two cell
lines, SKOV3 and ZR-75-1, show the same level of expression. These
results are important to evaluate the efficacy of mAb-AMFA treatment as
a function of the receptor level.

3.4. Internalization of mAb-AMFA into cells

The internalization of mAb and mAb-AMFA was first assessed by
confocal microscopy. An increase in the fluorescence was observed in
the presence of CTX-AMFA in HeLa and HepG2 cells after 5 h of treat-
ment, 1.75-fold and 3.4-fold higher than CTX, respectively (Fig. 3A-B).
Interestingly, in both cell lines, the increased fluorescence was reversed
by the addition of AMFA excess, which saturates the M6PR and thus
prevents CTX-AMFA binding. Indeed, the level of CTX-AMFA fluores-
cence decreased close to the CTX level, highlighting the key role of
M6PR in CTX-AMFA cell internalization (Fig. 3A). In addition, the
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Fig. 4. Degradation of HER2 and EGFR proteins. (A) HER2 degradation analysis in BT-474 and ZR-75-1 cells at 5 h by Western blot. Cells were treated with 5 nM
TRZ or TRZ-AMFA for 5 h (n=2) and analyzed by Western blot. (B) HER2 degradation at 5 h and 24 h in SKOV3 and ZR-75-1 cells. Cells were treated with 5 nM TRZ
or TRZ-AMFA for 5 h or 24 h and HER2 levels were determined by ELISA (n=2). (C) EGFR degradation in HepG2 (left) or HT-29 cells (right). Cells were treated with
10 nM CTX or CTX-AMFA for 5 h or 24 h. One representative experiment out of two is shown. For Fig. A-C, membrane receptor levels were quantified and expressed
as the percentage + SEM of total HER2 or EGFR levels in control cells, accordingly. (D) EGFR membrane detection by confocal microscopy. HeLa cells were treated
with 10 nM CTX or CTX-AMFA for 24 h and EGFR was detected with an anti-EGFR antibody together with a secondary antibody coupled with AlexaFluor647®.
Microscopy was performed on living cells and EGFR quantification is presented as the mean fluorescence + SEM of antibody per cell determined in 40 cells. Sta-

tistical analysis was performed with Tukey’s multiple comparison test and Student’s t-test:* p value < 0.05; ** p value < 0.01;

p value < 0.001; **** p value

< 0.0001.

internalization was also evaluated by flow cytometry experiments using
the same cell lines. As shown in Fig. 3C-D CTX-AMFA fluorescence is
increased by 2.2-fold and 1.9-fold in HeLa and HepG2 cells, respectively,
compared to that of CTX, and, when an excess of AMFA was added, the
fluorescence decreased to the level of CTX. Similarly, a 2.3-fold higher
fluorescence of TRZ-AMFA as compared to TRZ was observed after 24 h
of treatment in SKOV3 cells (Fig. 3E). These results demonstrate that
AMFA grafting significantly increases mAb uptake through an M6PR-
mediated mechanism.

3.5. HERZ2 and EGFR degradation

The degradation of HER2 and EGFR proteins was investigated to
demonstrate the improved efficacy of the AMFA engineered mAb. HER2
protein levels were first analyzed by Western blot in BT-474 and ZR-
75-1 cells treated with 5 nM TRZ or TRZ-AMFA. As shown in Fig. 4A, the
cellular level of HER2 decreased by 49 % and 61 % in BT-474 (left) and
ZR-75-1 (right) cell lines, respectively, after TRZ-AMFA treatment,
whereas the HER2 level did not significantly decrease with TRZ treat-
ment in either cell line after 5 h. HER2 protein levels were also analyzed
by ELISA in SKOV3 and ZR-75-1. In SKOV3 cells, TRZ-AMFA treatment
was significantly more effective than TRZ in reducing HER2 levelsat 5 h
and 24 h. In ZR-75-1 cells, the degradation of HER2 by TRZ is higher at
24 h compared to SKOV3 cells. However, the HER2 levels were more
significantly decreased by TRZ-AMFA (up to 87 % after 24 h), demon-
strating the higher efficacy of TRZ-AMFA (Fig. 4B). EGFR degradation
was assessed in HepG2 and HT-29 cells after treatment with 10 nM CTX
and CTX-AMFA (Fig. 4C). The total EGFR level in HepG2 cells treated
with CTX-AMFA decreased by 40 % after 24 h, while no change in EGFR
level was observed with CTX treatment. In HT-29 cells, EGFR protein
level decreased by 53 % in CTX-AMFA treated cells compared to un-
treated cells, while CTX reduced EGFR level by only 7 % after 5h of
treatment. After 24 h of treatment, only 22 % of EGFR was present in
CTX-AMFA-treated cells and more than 50 % was present in CTX-treated
cells. To complement these data, the location of EGFR at the membrane
of HeLa cells was analyzed by confocal microscopy. EGFR was observed
at the membrane of CTX treated cells, while the signal corresponding to
EGFR decreased by 42 % in the cells treated with CTX-AMFA. This result
was confirmed by signal quantification, which showed a significant
decrease in the presence of EGFR at the cell membrane (Fig. 4D). Taken
together, these results provide evidence for the enhanced in vitro efficacy
of mAb-AMFA in degrading EGFR and HER2 proteins.

3.6. Antiproliferative effect of mAb-AMFA

The antiproliferative effect of CTX-AMFA was first evaluated in A431
and HT-29 cells at concentrations ranging from 0.5 to 10 nM for 48 h. In
both cell lines, CTX-AMFA treatment induced a 2-fold greater anti-
proliferative effect than CTX at the different concentrations (Fig. 5A-B).
Another way to demonstrate the antiproliferative effect of TRZ-AMFA
and CTX-AMFA was to reverse the mitogenic effect induced by the
addition of EGF. Fig. 5C shows that CTX-AMFA has a better ability to
reverse the proliferative effect of EGF than CTX, even at low antibody
concentrations. The same response was observed with TRZ-AMFA in ZR-
75-1 cells (Fig. 5D). These results suggest that AMFA-grafting enhances
the antiproliferative effect of CTX and TRZ in vitro.

3.7. Effects of mAb-AMFA on wound healing assay

To further emphasize the improved in vitro efficacy of mAb-AMFA, a
wound healing assay was performed using a validated cell model, HaCaT
cells. Cells were treated with 10 nM CTX or CTX-AMFA for up to 72 h
and the remaining free area was compared to that at time 0. Fig. 6A
shows images of the scratched area over time. It can be seen that under
control conditions, the free area is rapidly covered by cells, whereas
CTX-treated cells cover the scratched area more slowly. In addition,
CTX-AMFA appears to be more effective than CTX in slowing down the
coverage of the free area. These observations were confirmed by the
quantification of the remaining free area (Fig. 6B). Indeed, a better ef-
ficacy for CTX-AMFA was observed throughout the treatment period.
Interestingly, at 48 h post-treatment, CTX-AMFA prevented the normal
recovery by 31 % versus 22 % with the CTX treatment (Fig. 6B). These
findings suggest a greater ability of mAb-AMFA to prevent wound
healing through a mechanism involving cell proliferation and migration.

3.8. Invivo efficacy for reducing tumor growth in zebrafish embryos and
mice

The efficacy of mAb and mAb-AMFA was first investigated in vivo
using zebrafish embryos as an integrated model of human tumor growth.
At 72 hpi, tumor growth was significantly reduced in CTX-AMFA treated
embryos compared to CTRL and CTX treated animals, by 33.3 % and
27.3 %, respectively (Fig. 7A). Moreover, CTX-AMFA significantly
reduced metastasis formation, since more than 66 % of CTRL individuals
presented metastases, compared to 21.4 % of CTX-treated individuals
and only 6.3 % of CTX-AMFA treated individuals. (Fig. 7B). In the
zebrafish model xenografted with SKOV3 cells, TRZ-AMFA reduced
tumor growth by 48.1 % as compared to CTRL while TRZ reduced tumor
growth by only 20 % at 72 hpi (Fig. 7C).

The effect of AMFA grafting in improving the therapeutic efficacy
was then evaluated in the BALB/c nude™™ mouse model xenografted
with human SKOV3 cells. Xenografted mice received 8 weekly injections
of either 6 mg/kg TRZ or TRZ-AMFA and the tumor area was measured
once a week. Although TRZ was already effective in reducing the tumor
size at this dose, AMFA grafting managed to enhance the anti-tumor
response to the therapeutic antibody (Fig. 7D). This difference was
significant when comparing two tumor growth curves. These data
indicate a greater anti-tumor efficacy of mAb-AMFA compared to mAb.

4. Discussion

Conventional immunotherapies based on monoclonal antibodies
typically tend to regulate or modulate a biological activity. They are
often proposed as a second or third line of treatment and in most cases as
an adjunct to invasive therapies such as chemotherapy or radiotherapy.

In order to obtain more efficient mAbs, there has been an increasing
interest in targeted degradation of the antigen. This approach requires
both the ability to target the component of interest and the ability to
transport and internalize the resulting complex into cells for
degradation.

The key receptor for targeting proteins to lysosomes, the organelles
responsible for the degradation of intracellular and extracellular mate-
rial, is the M6PR. This receptor has been shown to be an effective
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Fig. 5. Antiproliferative effect of mAb and mAb-AMFA. Antiproliferative effect of CTX and CTX-AMFA in A431 (A) and HT-29 (B) cells. A431 and HT-29 cells were
treated with 0.5-10 nM CTX or CTX-AMFA for 48 h and cell proliferation was analyzed by MTT assay. Results are presented as the percentage + SD of living cells
compared to control (n=2). (C) Antiproliferative effect of CTX and CTX-AMFA in the presence of EGF. HeLa cells were treated with 0.5-10 nM CTX or CTX-AMFA in
the presence of 200 ng/mL EGF for 48 h (n=3). (D) Antiproliferative effect of TRZ or TRZ-AMFA in the presence of EGF. ZR-75-1 cells were treated with 1-50 nM
TRZ or TRZ-AMFA in the presence of 200 ng/mL EGF for 72 h (n=2). Cell proliferation was analyzed by MTT assay. Data are expressed as the percentage + SD of
living cells relatively to control cells treated with EGF. Student’s t-test: * p value < 0.05; ** p value < 0.01.
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after treatment. (B) Increment in the free area by CTX and CTX-AMFA. Free areas were quantified at different time points and compared to the area at time 0 h.
Results are presented as the percentage of the free area variation in mAb treated cells over time compared to the free area variation in untreated control cells. Mean +

SD. Student’s t-test: ** p value < 0.01.

transporter for the delivery of proteins or macromolecules to lysosomes
and the AMFAs have been shown to be a powerful tool for targeting the
M6PR [6,9,12-17]. Once grafted to the molecule of interest, these de-
rivatives allow drugs or proteins to be addressed to lysosomes. This
property maximizes the number of molecules that can bind the M6PR
and reach the lysosome. Proper degradation of the particular compound
of interest in the pathological tissue requires a highly regulated target-
ing. This selectivity for the target can be achieved by the use of anti-
bodies. Banik et al. demonstrated the in vitro degradation of membrane
proteins using LYTACs, which consist of mAbs directed against different
membrane receptors grafted with large polyglycopeptides containing
numerous analogues of M6P, which were developed on the basis of
AMFA [5]. The LYTAC technology takes advantage of the lysosomal
machinery to degrade extracellular proteins and the initial results are
encouraging. However, due to the size of the glycopeptides, which
contain 20-90 M6Pn units, a potential immunogenic issue can be fore-
seen, as a strong immunogenic response is observed in the presence of a
high number of glycans [18]. The AMFA technology allows for
controlled glycosylation with a reduced number of analogues, which
may limit the immunogenic side effects. In addition, previous in vivo
experiments have shown that AMFA grafting to proteins is safe and does
not induce an immunogenic response, even after several months of
treatment [6]. In addition, AMFA engineering on mAbs directed against
soluble antigens has effectively induced the degradation of extracellular
antigens in the lysosomes, thereby significantly reducing their biological
effects [7].

Here, we have demonstrated the potential of AMFA to promote the
degradation of membrane proteins via the M6PR pathway. As a proof of
concept, we chose to target two membrane receptors involved in tumor
growth, EGFR and HER2 and we selected two commercially available

10

mAbs directed against these receptors. In this study, we have shown a
reproducible and validated method for grafting AMFA onto antibodies.
Indeed, this grafting allows antibodies to acquire a high affinity for
M6PR without reducing their affinity for their target, here the HER2 and
EGFR proteins. Moreover, analogously to previous published data on
different mAbs, the ability of these two mAb-AMFAs to be recycled and
released into the extracellular compartment is unaltered (data not
shown). We have proved that regardless of the cell line used, AMFA
grafting significantly increases the mAb uptake compared to unconju-
gated mAb, and this improvement is mediated by M6PR. Interestingly,
studies carried out in different cell lines have shown that M6PR
expression is ubiquitous but variable. In addition, we have demonstrated
that mAb-AMFA enables greater internalization and degradation of
membrane targets in cells expressing both high and low levels of path-
ogenic proteins. Since the EGFR and HER2 proteins are involved in cell
proliferation, degradation of these receptors is expected to reduce cell
proliferation. Indeed, mAb-AMFA was able to inhibit cell proliferation to
a greater extent than mAb, even at low antibody concentrations. Finally,
we have demonstrated superior in vivo efficacy of CTX-AMFA and TRZ-
AMFA compared to unmodified antibodies in inhibiting tumor growth in
two integrated models, zebrafish embryos and mice.

Taken together, these data indicate that the grafting of AMFA to mAb
is an effective way to induce the degradation of extracellular pathogenic
molecules in lysosomes. As shown in this study, the enhanced efficacy
observed in different cell lines, regardless of M6PR expression levels,
makes it possible to envisage an application to a wide range of pathol-
ogies, as well as an adaptation to antibodies already effective in the
clinic, such as trastuzumab. In addition to the lysosomal targeting, the
higher efficacy in degrading membrane antigens may be due to the
repeated cycles that mAb-AMFA undergoes: the M6PR-mediated cellular
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Fig. 7. Growth inhibition of xenografted tumors by mAb and mAb-AMFA in zebrafish embryos and mice. (A) Tumor growth inhibition in casper zebrafish xeno-
grafted embryos treated with CTX or CTX-AMFA. Embryos were xenografted with human HT-29 cells and intravenously injected with 5 ng of CTX (n=15) or CTX-
AMFA (n=16) or 5 % glucose solution for CTRL group (n=11) and were monitored for 72 hpi. Data represent tumor growth rate + SEM over time. One-way ANOVA
Tukey’s test was realized for statistical analysis. At 24 h, CTRL/CTX-AMFA p value < 0.01, CTRL/CTX p value < 0.05; at 72 h CTRL/CTX-AMFA p value < 0.05 (B)
Metastasis development. Data represent the percentage of untreated or CTX or CTX-AMFA treated embroys presenting at least one metastasis at 72 hpi. Fisher’s exact
test was performed for statistical analysis. (C) Tumor growth inhibition in casper zebrafish xenografted embryos treated with TRZ or TRZ-AMFA. Embryos were
xenografted with human SKOV3 cells and intravenously injected with 3.6 ng TRZ (n=9) or TRZ-AMFA (n=9) or 5 % glucose solution for control (CTRL, n=7) and
were monitored for 72 hpi. Data represent the tumor growth rate = SEM over time. One-way ANOVA Tukey’s test was realized for statistical analysis. At 48 h CTRL/
TRZ-AMFA p value < 0.01, at 72 h CTRL/TRZ-AMFA p value < 0.01 and TRZ/TRZ-AMFA p value < 0.05 (D). Tumor growth inhibition in xenografted mice treated
with TRZ and TRZ-AMFA. BALB/c nude™™ female mice were xenografted with human SKOV3 cells and received 8 weekly injections of 6 mg/kg TRZ (n=6) or TRZ-
AMFA (n=6) or PBS for control mice (CTRL; n=4). Data represent the mean -+ SEM of tumor area relative to time 0 over treatment weeks. Mixed effect analysis model

together with Tukey’s test was performed for statistical analysis to compare treatment curves. CTRL/TRZ-AMFA p <0.01, TRZ/TRZ-AMFA p <0.05. * p value < 0.05;
** p value < 0.01; *** p value < 0.001.
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uptake of mAb-AMFA-antigen followed by FcRn-mediated recycling of
the mAb-AMFA back to the cell membrane where it can bind the antigen
again. In a recent study, this recycling of mAb-AMFA was demonstrated
with other antigens, and AMFA binding to mAb was shown to be stable
for 21 days in mice [9]. The development of drugs for targeting patho-
logical extracellular proteins is regularly confronted with the difficulty
of completely inhibiting their functions. By degrading the membrane
antigen, a pathology currently known as “undruggable” could be
transformed into “druggable” [19-21]. These promising results using
therapeutic antibodies support the development of AMFA-engineered
antibodies for membrane antigen degradation.

5. Conclusion

This work has demonstrated that the AMFA technology is able to
efficiently internalize immune complexes into cells for antigen degra-
dation and increase the therapeutic efficacy of the antibody. These
findings open up a new avenue for targeting pathogenic proteins, that
could lead to new therapeutics.
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