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cBlood Bank Bourgogne-Franche-comt�e, Porto, Portugal; dFairjourney Biologics, Porto, Portugal; eJ.Minjoz University Hospital, Besançon Cedex, France;
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ABSTRACT
Mesothelin is a glycosylphosphatidylinositol (GPI)-anchored membrane protein that shows promise as a
target for antibody-directed cancer therapy. High levels of soluble forms of the antigen represent a barrier
to directing therapy to cellular targets. The ability to develop antibodies that can selectively discriminate
between membrane-bound and soluble conformations of a specific protein, and thus target only the
membrane-associated antigen, is a substantive issue. We show that use of a tolerance protocol provides a
route to such discrimination. Mice were tolerized with soluble mesothelin and a second round of
immunizations was performed using mesothelin transfected P815 cells. RNA extracted from splenocytes
was used in phage display to obtain mesothelin-specific antigen-binding fragments (Fabs) that were
subsequently screened by flow cytometry and ELISA. This approach generated 147 different Fabs in 34
VH-CDR3 families. Utilizing competition assays with soluble protein and mesothelin-containing serum
obtained from metastatic cancer patients, 10 of these 34 VH-CDR3 families were found to bind exclusively
to the membrane-associated form of mesothelin. Epitope mapping performed for the 1H7 clone showed
that it does not recognize GPI anchor. VH-CDR3 sequence analysis of all Fabs showed significant
differences between Fabs selective for the membrane-associated form of the antigen and those that
recognize both membrane bound and soluble forms. This work demonstrates the potential to generate an
antibody specific to the membrane-bound form of mesothelin. 1H7 offers potential for therapeutic
application against mesothelin-bearing tumors, which would be largely unaffected by the presence of the
soluble antigen.
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Introduction

Mesothelin is a glycosylphosphatidylinositol (GPI)-linked
glycoprotein synthesized as a 69 kDa precursor and proteo-
lytically processed into a 30 kDa NH2-terminal secreted
form (formerly referred to as megakaryocyte potentiating
factor) and a 40 kDa membrane-bound mesothelin.1 Meso-
thelin is present at relatively low levels in mesothelial cells
of the pleura, peritoneum and pericardium of healthy indi-
viduals, but is highly expressed in several different cancers,
including mesotheliomas, stomach cancer, squamous cell
carcinomas, prostate cancer, pancreatic cancer, lung cancer,
and ovarian cancer.2-6 In particular, it has been reported
that most serous carcinomas of the ovary and adenocarci-
nomas of the pancreas express high levels of mesothelin.7

In addition, high levels of mesothelin have been detected in
greater than 55% of lung cancers and greater than 70% of
ovarian cancers.5,8 The limited expression of mesothelin on
normal cells makes it a viable target for tumor immuno-
therapy. Administration of antibodies against mesothelin
has been proposed as a strategy for mesothelioma as well as
lung, ovarian and pancreatic cancer.

Although mesothelin is considered a membrane-bound pro-
tein, soluble forms of mesothelin have also been reported in
patients’ serum and in the stroma of tumors, including malig-
nant mesothelioma, ovarian cancers or highly metastatic can-
cers. Soluble mesothelin has been reported to result from both
alternative splicing and protease cleavage.9,10 Tumor necrosis
factor-a converting enzyme (TACE), a member of the MMP/
ADAM family, has been identified as a mesothelin sheddase.11

Soluble receptors can be released in the tumoral microenvi-
ronment, especially when expressed on cancer cells, and act as a
decoy for therapeutic antibodies. It has previously been shown
that a GPI anchor can affect protein conformation, indeed the
presence of a GPI anchor can result in sufficient conformational
changes in the protein to be specifically targeted by antibodies,
in contrast to their cleaved, non-GPI, forms.12-14

The use of monoclonal antibodies (mAbs) against mem-
brane targets has been shown to increase the survival of
patients having several cancers.15 Several antibody-based mol-
ecules that target mesothelin have been developed. These
include the chimeric anti-mesothelin mAb MORAb-009,16
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immunotoxins SS1P and RG7787,17,18 and the antibody-drug
conjugates BAY94–9343,19 and BMS986148.20 Recently, a
human single-domain antibody (SD1-hFc) has also been
described. SD1-hFc is reported to elicit a potent anti-tumor
activity by generating a complement-dependent cytotoxicity
(CDC) reaction targeting an epitope in mesothelin close to
the cancer cell surface.21 Although these mesothelin-targeting
agents showed a therapeutic effect against some mesothelin-
expressing tumors, they were not effective in lower doses. One
possible explanation for the lack of efficacy might be the pres-
ence of soluble mesothelin in the blood as well as in the extra-
cellular space of tumors, which could reduce the efficacy of
the therapeutic mAb by competition.22 A recent study
demonstrated that reduced shedding of surface mesothelin as
a result of treatment with paclitaxel (Taxol) improves the effi-
cacy of mesothelin-targeting recombinant immunotoxins.23

Similarly, mutation of the protein responsible for mesothelin
cleavage such that it is not shed results in improved efficacy
of the immunotoxin SS1P.23

Here, we propose a new approach to overcome the effect of
shed (soluble) mesothelin on antibody-based therapies. Our
goal was to identify an antibody that exclusively targets the
whole cell membrane-associated form of mesothelin without
interfering with the soluble form of the protein. Identifying anti-
bodies that specifically recognize membrane-bound mesothelin
could have a significant effect on patients’ outcome. For this pur-
pose, we used a new method to generate antibodies comprising:
1) immunizing an animal with a soluble form of the antigen, 2)
administering an agent that selectively kills rapidly dividing
cells,24 3) immunizing the animal with a membrane-bound form
of the antigen, and 4) screening for an antibody that can bind to
the second antigen without binding the first one.

Phage display technology was used to produce antibody
fragments because of known advantages in specific epitope tar-
geting. It has been shown to be a promising technology to
produce specific antibodies against targets on the cell surface.25

Phage display libraries have also been reported as a viable
alternative to hybridoma technology for development of anti-
bodies with desired antigen-binding characteristics.26 Indeed,
occluded epitopes on the cell surface may be difficult to access
by full-size immunoglobulin G (IgG) antibodies produced by
hybridoma technology. These epitopes can be targeted by
fragments of antibodies such as antibody-binding fragments
(Fabs) and single-chain variable fragments (scFvs).

As reported here, from a total of 480 Fab clones obtained by
phage display technology, we identified 147 clones as mesothe-
lin specific, among which 116 clones bound to the native form
of mesothelin on Hela cells. Following further analysis of these
116 antibodies, we isolated the clone 1H7, which targets
selectively the membrane-bound form of mesothelin without
binding shed forms of this antigen.

Results

Production of mesothelin targeting Fabs

To identify new antibodies that selectively target the whole cell
membrane-bound form of mesothelin, we hypothesized that
there was a conformational difference between the membrane-

bound and soluble form of the common components of
mesothelin, which results in different conformational epitopes.
A novel subtractive immunization was thus used to generate
antibodies that only recognize epitopes selectively derived from
membrane-bound proteins. To prevent mice from producing
antibodies against soluble mesothelin antigens, mice were
tolerized by immunizing them with the full-length recombinant
mesothelin protein, and then treated with cyclophosphamide to
kill the activated lymphocytes. To generate antibodies targeting
membrane-bound mesothelin, these mice were subsequently
immunized with mesothelin-transfected P815 cells (P815-
Meso). After 4 cycles of immunizations, mice were killed, total
RNA was extracted from splenocytes, and 5 Fab libraries were
created by using phage display technology (Fig. 1A). To avoid
crosslinking with antibodies recognizing other antigens on
P815 cells, phage libraries were first selected, against mesothe-
lin-expressing Chinese hamster ovary (CHO) cells (CHO-
Meso). Then, the second round of panning was performed
against P815-Meso cells (Fig. 1B). Non-transfected CHO and
P815 cells were also used as a control for panning to assess
specific phage enrichment (data not shown). After 2 rounds of
panning for each library, Fab-containing periplasmic extrac-
tions of 96 single colony cultures were collected and screened
on CHO-Meso cells. Overall, 147 Fabs binding to mesothelin
were identified. A study pathway was designed to first eliminate
only the molecules that bound the transfected form, and then to
identify only membrane-form associated mesothelin binders by
using competition tests with soluble mesothelin (Fig. 1C).

To identify antibodies binding specifically to mesothelin on
cancer cell membranes (referred to as native form of mesothe-
lin), we re-screened all positive Fabs able to recognize Hela, a
cervix adenocarcinoma cell line that expresses naturally high
levels of mesothelin. Only 116 of the 147 Fabs were identified
as native form specific binders on Hela cells (Fig. 1D). Then, all
147 Fabs were sequenced and their VH-CDR3 regions were
determined for further analysis.

Regrouping Fabs in families following their VH-CDR3
similarities

VH-CDR3 sequences of antibodies have already been reported
as the most important region for epitope recognition.27-29 On
this basis, VH-CDR3 regions of all Fabs were aligned and asso-
ciated in 34 families according to their amino acid sequence
similarities. Fabs recognizing Hela cells were distributed in
only 20 of 34 VH-CDR3 families. The screening data of Fab
staining on CHO-Meso and Hela cells revealed that all clones
of each family showed uniform staining on cells, suggesting
that all of them recognized the same epitope (Fig. S1). On the
basis of these data, only one clone of each family was selected
for further testing.

Eliminating soluble mesothelin binding Fabs

After the identification of native form binders, the next
screening was designed to eliminate Fabs that recognize soluble
mesothelin. To compare their ability to bind either only mem-
brane-bound or both membrane-bound and soluble forms of
mesothelin, the binding of Fabs to Hela cells was tested in
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competition with recombinant mesothelin protein. Fab concen-
tration was adjusted by end point dilution assay. To establish
the end point dilution, 2-fold dilution series for each Fab were
performed. These solutions were tested on Hela cells to identify
the limited concentration (end point dilution) for which the
Fab signal decreases in flow cytometry analysis (Fig. S2). To
identify the Fabs that discriminate between membrane-bound

and soluble antigen, each Fab was incubated at its end point
dilution for 30 minutes with 0.8 mg of soluble mesothelin,
before assessing the binding capacity on Hela cells. From the
flow cytometry analysis, only 10 VH-CDR3 families were iden-
tified as partial or completely discriminating Fabs. Representa-
tive staining on Hela cells of Fabs 1H7, 3C2 and 3C1 is shown
in Fig. 2A. 1H7 and 3C2 Fabs bound 69% and 71% on Hela

Figure 2. Competition tests with soluble recombinant mesothelin protein. Example of non-competing (3C2 and 1H7) and competing (3C1) Fabs with staining on Hela
cells with or without presence of 0.8 mg soluble mesothelin protein. (A). ELISA assay to detect the binding capacity of Fabs (3C1, 3C2 and 1H7) to soluble recombinant
mesothelin protein (B).

Figure 1. Generation of mouse anti-mesothelin Fabs. 5 mice were first tolerized with soluble form of mesothelin, then immunized with P815-Meso cells. After 4 cycles of
immunization mice were killed and spleens were resected. Total RNA was extracted from splenocytes and cDNA was produced. Vh-Ch1 and Vk-Ck sequences were ampli-
fied, cutted and inserted to pCB3 phage vector. (A). 2 rounds of panning were performed on libraries with CHO-Meso (45%) vs CHO-WTcells (Round I) and P815-Meso
(90%) vs P815 wt cells (Round II) respectively (B). Number of positive FABs screened on CHO-Meso and Hela cells for each mouse phage display library (C). Study pathway
to identify non-competing Fabs which bind only membrane associated form of mesothelin (D).
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cells, respectively. Incubation with 0.8 mg of mesothelin before
staining did not alter the binding capacity of any of the selected
Fabs, while the staining capacity of 3C1 decreased significantly.
To confirm the results obtained by flow cytometry, a biotiny-
lated mesothelin protein was attached to a streptavidin-coated
plate and used for the screening of discriminating and non-dis-
criminating Fabs using direct enzyme-linked immunosorbent
assay (ELISA). Only non-discriminating Fabs, 3C1 for example,
could bind to mesothelin. In contrast, Fabs that do not bind
soluble mesothelin were not able to detect mesothelin in ELISA
assay (Fig. 2B).

These experiments confirmed that the methodology used for
immunization allows us to identify discriminating Fab families.
Next, we sought to investigate if the soluble mesothelin-related
peptides (SMRP) present in physiologic fluids, specifically those
present in mesothelin-expressing cancer patients reduces the
proportion of discriminating Fabs binding the antigen
presented on the cell surface.

Competition tests with SMRP in patients’ serum and cell
supernatant

High levels of SMRP is a prognostic factor for mesothelioma,
ovarian and pancreatic cancers.30-34 The presence of SMRP can
also alter the binding capacity of mesothelin-targeting thera-
peutic agents.22,23 On the basis of these data, we used the serum
of 21 patients with metastatic colon and pancreatic cancers in

competition assays with selected Fabs. Serum concentration of
mesothelin from the 21 patients and from 2 healthy volunteers
(A and B) was first determined by ELISA assay (Fig. 3A). Meso-
thelin concentration was shown to be significantly higher in all
of the 21 patients compared with healthy donors. According to
their mesothelin concentration, serum samples were pooled in
2 groups: high- (> 20 ng/ml) and low-serum (< 20 ng/ml)
samples, respectively. Hela cell-derived supernatant containing
35 ng/ml of mesothelin was also used as another source of
SMRP (Fig. 3B). Competition assays were performed with
high- or low-serum samples and with Hela supernatant. The
samples were pre-incubated with selected Fabs for 30 minutes,
and then added to Hela cells before flow cytometry analysis.
Five families were revealed as discriminating Fabs against
physiologic mesothelin-containing fluids. Fig. 3C shows that
the presence of high- and low-serum samples or Hela cell
supernatant containing 35 ng/ml of mesothelin did not signifi-
cantly alter the binding capacity of representative discriminat-
ing Fabs (e.g., 1H7 and 3C2). In contrast, the binding ability of
a competing Fab (e.g., 3C1) was shown to decrease in the pres-
ence of high- or low- serum samples, and with concentrated
Hela supernatant as well (24 vs. 9, 11 and 12 percent,
espectively; cf. Fig. 3C).

Mesothelin is anchored to cell membranes with GPI. GPI
anchors with attached proteins are released from cells either in
complexes with membrane lipids or exosomes.35 For this rea-
son, we investigated whether mesothelin resided in tumor-

Figure 3. Competition tests with patients’ sera and concentrated Hela supernatant. Mesothelin concentration in patients’ serum determined by ELISA assay (1 to 21). 2
safe donors (A and B) and PBS was used as a negative control for mesothelin expression and ELISA specificity, respectively (A). Mesothelin concentration in 10X concen-
trated Hela supernatant with ELISA assay. Hela cell lysate was used as a mesothelin containing control. (B). Examples of staining on Hela cells with non-competing Fabs
(1H7 and 3C2) and competing FAB (3C1) in presence of 10X concentrated Hela supernatant and patients’ sera high and low (C).
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released exosomes. Exosomes were isolated from Hela cell
supernatant by ultracentrifugation and mesothelin was quanti-
fied by ELISA assay (Fig. S3A). Mesothelin expression was con-
firmed by confocal microscopy showing co-localization of the
protein with the exosome specific marker CD63 (Fig. S3B). The
binding capacity of Fabs was tested in competition with exo-
somes. In those experiments, mesothelin-expressing exosomes
failed to prevent Fab binding to Hela cells (Fig. S3C).

Altogether, these experiments demonstrate that the discrim-
inating Fabs can selectively target mesothelin expressed on the
surface of cancer cells without being subject to the antagonist
effects of SMRP present in physiologic fluids.

1H7-hFc specifically binds mesothelin-expressing cancer
cells

We next sought to determine if our discriminating antibodies
target mesothelin-expressing cancer cells. For this purpose, we
chose the Fab 1H7 as a discriminating antibody, for chimeriza-
tion with human IgG1. The binding capacity of 1H7-hFc was
then assessed on different cancer cell lines. We observed that
1H7-hFc bound Hela and CHO-Meso, a cell line over-

expressing human mesothelin, but not CHO cells. 1H7-hFc
strongly bound breast cancer cell line MDA-MB231, but mod-
erately recognized colon cancer cells HT29, while non-small
cell lung cancer cells A549 were weakly bound by this clone.
No binding could be observed for cervix cancer cells C33A,
which is a mesothelin negative cell line (Fig. 4). To assess if
1H7-hFc could recognize primary cell lines, we tested 3 differ-
ent pancreatic cancer cells BesPac-C7, BesPac-C8 and BesPac-
C12, obtained in our laboratory from ascites of pancreatic can-
cer patients. Flow cytometry analysis showed that 1H7-hFc
bound strongly to BesPac-C7 and BesPac-C12, and weakly to
BesPac-C8 cells. Mesothelin expression on these cells was con-
firmed by qRT-PCR and western blotting experiments (data
not shown). These results demonstrated that 1H7-hFc selec-
tively recognizes native mesothelin on different types of cancer
cells.

To show the monospecificity of our anti-mesothelin
antibody 1H7, we performed an immunoprecipitation (IP)
assay in mild conditions on Hela and CHO-Meso cells and
migrated the product in acrylamide gel. Staining of the gel
showed a band at 40 kDa that strongly corresponds to mesothe-
lin. We also analyzed this IP product using 1H7-hFc in western

Figure 4. Test on other cancer cell lines. FACS analysis of staining by 1H7-hFc on different cancer cells. CHO-Meso vs CHO-WT cells were used as a specificity control for
1H7-hFc.
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blotting with non-reduced and non-heated conditions and
obtained bands at 40 and 69 kDa that corresponds mature and
non-mature mesothelin, respectively (Fig. S4).

1H7 does not recognize GPI anchor

The experiments presented above demonstrate that 1H7 is
selective for the membrane-associated conformation of the
mesothelin protein and does not recognize other conforma-
tions such as the recombinant form or that contained within
the physiologic fluids from mesothelin-expressing cancer
patients. A new set of experiments was designed to investigate
the role of the presence of GPI in epitope recognition by 1H7-
Fc. To show the specificity of 1H7-hFc to mesothelin, Hela
cells were treated with 1U and 10U of GPI-specific phospholi-
pase C (PI-PLC), which cleaves the phosphor-glycerol bond
and leaves protein from cell membrane with the GPI anchor
attached.11 Depletion of mesothelin expression on cell mem-
brane was confirmed by cytometry analysis (Fig. 5A),

It remains possible that 1H7 is recognizing some component
of the GPI anchor or a shared epitope between the GPI anchor
and the protein. To decipher the role of the GPI-anchor in the
epitope recognition of 1H7-hFc, we assessed whether 1H7
might be a non-specific antibody to GPI. To eliminate this
hypothesis, PC3 and LN-CAP cells, which do not express mes-
othelin but highly express another GPI-anchored protein
CD59, were stained by 1H7-hFc. The cells were highly positive
for CD59 but not for 1H7-hFc, which confirmed that 1H7 does
not recognize the GPI anchor (Fig. 5B).

Second, we hypothesized that 1H7-hFc might bind a
shared epitope between the GPI anchor and mesothelin.

This hypothesis was also eliminated by using a FITC coupled
pre-aerolysin protein, FLAER, which binds specifically to
GPI.36 We determined the saturation concentration of
FLAER by staining Hela cells. Then, cells were incubated
with 25, 50 and 100 nM of FLAER and analyzed by flow
cytometry. Relative median fluorescent intensities (RMFI)
were 4.8, 5 and 5.2 for each concentration, respectively. A
saturation concentration of 50 nM was selected (Fig. 5C),
and Hela cells were incubated with 50 nM of FLAER one
hour before staining with 1H7-hFc. Flow cytometry analysis
showed that the binding properties of 1H7 were not altered
by the presence of FLAER (Fig. 5D). These results suggested
that GPI is not involved directly in the epitope recognition
by 1H7.

Together, these experiments indicate that GPI has no direct
role in the recognition of cancer cells by 1H7 and suggest that
1H7 recognizes a conformational epitope generated by molecu-
lar interactions between mesothelin and the GPI anchor.

VH-CDR3 sequence comparison

Due to the differences in epitope recognition between discrimi-
nating and non-discriminating Fabs, we looked to see if there
were consistent differences in their VH-CDR3 sequences.
Regardless of epitope recognition, the VH-CDR3 length was 10
to 16 amino acids for all Fabs. According to IMGT unique
numbering and color menu for amino acids,37 all 105–117
positions of VH-CDR3 sequences were identified and amino
acid frequencies were calculated for all positions of the CDR3
region (Fig. 6). At position 105, both the discriminating and
non-discriminating sequences frequently encoded alanine, but

Figure 5. 1h7-hFc does not bind to GPI. Mesothelin staining by 1H7-hFc on Hela cells after treatment with 1 and 10 U/ml of PtdIns-PLC for 1 hour (A). FACS analysis of PC3
and LN-Cap cells by CD59 and 1H7-hFc staining (B). RMFI on Hela cells by staining differents concentrations (25, 50 and 100 nM) of FLAER (C). FACS analysis of staining on
Hela cells by 1H7-hFc with or without the presence of 50 nm of FLAER (D).
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30% of discriminating sequences encoded threonine, inversely
to leucine (10 %) and serine (10%) in non-discriminating
sequences. At position 106, arginine was used frequently for
both sequences. At positions 107 and 110, glycine was more
frequent (50% and 60%, respectively) in discriminating sequen-
ces. Positively charged lysine, hydrophobic leucine, isoleucine
and glycine were found more in discriminating sequences
compared non-discriminating sequences at position 108 and
109. At position 113, only tryptophan (10% for both) and
serine (20% and 10%, respectively) were coded commonly for
both discriminating and non-discriminating sequences, but
aspartic acid (10%), methionine (10%), phenylalanine (10%),
leucine (30%), and isoleucine (10%) were only present in
discriminating sequences. At position 114 in discriminating
sequences, proline (10%) and serine (10%) were observed, but
not in non-discriminating sequences. The presence of tyrosine,
phenylalanine, and glycine were common for both discriminat-
ing and non-discriminating sequences. No significant
difference of frequencies of amino acids was noted at positions
115, 116 and 117.

Comparison of VH-CDR3 sequences of discriminating Fabs
versus non-discriminating Fabs showed that the frequencies of
amino acids at positions 107 to 114 were significantly different
in discriminating Fabs. Further research is warranted to
confirm our data and determine the role of these amino acids
in epitope recognition.

Discussion

This work describes the generation of a novel anti-mesothelin
antibody (1H7) resulting from a subtractive immunization
protocol inducing tolerance to the soluble antigen followed by
the construction of mouse phage display libraries. 1H7 binds
preferentially to mesothelin-expressing cells and does not
compete with cleaved or recombinant mesothelin. It binds an
epitope that appears to exist only when the protein is on the
cell surface, and disappears in aqueous solutions.

Our results demonstrated the possibility of obtaining anti-
bodies that could discriminate the membrane bound and solu-
ble form of antigen by using a novel method of immunization.
Although most of the obtained antibodies were specific to the
membrane-bound form, we have also obtained some soluble
form binders. This could be the result of ineffective tolerization,

which could be improved by using higher doses of cyclophos-
phamide or more cycles of the immunization by soluble antigen
and tolerance induction. Another choice to improve the
effectiveness of our method could be to incubate phages with
soluble antigen and then pursuit the selection on cells in the
panning step of antibody selection.

Mesothelin has already been described in the literature as a good
target for cancer therapy.38 Several agents, including immunotox-
ins, chimeric mAbs, antibody-drug conjugates, anti-mesothelin
tumor vaccines and anti-mesothelin chimeric antigen receptors
(CARs) are in various stages of development for the treatment of
patients with mesothelin-expressing tumors.39-41 A chimeric anti-
body (MORAb-009) and an immunotoxin (SS1P) constructed
from the same murine SS1 scFv targeting mesothelin have already
been developed and are currently being evaluated in clinical trials
treatments of mesothelioma and pancreatic cancers. The clinical
use of SS1P is limited by its propensity to induce neutralizing anti-
bodies. To date, 2 different approaches have been used to improve
the efficiency of SS1P: 1) depletion of lymphocytes by chemical
agents to diminish immune response to the bacterial toxin compo-
nent,42 and 2) use of mutated variants to improve the activity and
decrease the immunogenicity of SS1P.17 A further limitation for
clinical use of SS1P is the high concentration of mesothelin in
patients’ serum and interstitial space of tumors.43,44 Zhang et al.
highlighted that the administration of SS1P combined with Taxol
decreased the concentration of shed mesothelin.22 They demon-
strated that the synergy of SS1P with Taxol was due to the Taxol-
induced fall in shed antigen levels. Here, we suggest that conjugat-
ing the antibody 1H7 with a less immunogenic toxin than SS1P
might substantially enhance the efficacy of treatment by both
reducing clearance of the conjugate and avoiding the issue of the
therapeutic antibody binding to shed antigen.

The implication of the GPI anchor in conformational epi-
tope recognition has been investigated in several studies. Brad-
ley et al. showed that, by using de-lipidation of Thy-1 by
different enzymes and constructing a recombinant Thy-1 with-
out a GPI anchor, the recognition of Thy-1 by the mAbs K117,
5E10, and AS02 in western blots is abolished or greatly dimin-
ished.45 However Thy-1 was detected in western blotting after
exclusive partitioning into the insoluble phase. MAbs that bind
to GPI-anchored proteins such as VSG or gp23 on the surface
of parasites do not react with the same proteins when they are
in soluble form.46-48 This suggests the existence of different

Figure 6. VH-CDR3 sequence analysis of competing and non-competing Fabs. The frequency of individual amino acids at the specific 11 positions of competing (n D 10)
(A) and non-competing binders’(n D 10) (B) VH CDR3 sequences. The color menu for amino acids is according to IMGT. CDR3 positions are shown according to the IMGT
unique numbering. Only membrane associated form binders (non-competing Fabs) in panel A, soluble form binders (competing Fabs) in panel B.
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conformational epitopes in soluble and membrane-associated
forms of GPI-anchored proteins that play a critical role in anti-
body binding. Changes in GPI-dependent antibody reactivity
have also been observed in mammalian proteins; for example,
human CD59 antibodies whose reactivity decreases after GPI-
specific phospholipase D (GPI-PLD) treatment. This phenome-
non has also been observed for human CD52 and Thy-1 pro-
teins.49,50 The work described above shows that membrane-
associated mesothelin can be targeted specifically by mAb frag-
ments that do not recognize the soluble form.

Therapeutic antibody-based anti-cancer approaches rely on
the overexpression of the target antigen on cancer cells relative
to the expression on normal tissues. The selectivity relies on
this differential expression being sufficient to allow a killing
action on the target cells without substantial damage to normal
tissues. Our discriminating Fab thus might be a potential candi-
date for conversion of its single chain to clinically relevant-mol-
ecules: 1) conjugated with chemotherapy drug,51 2) linked with
an immunotoxin,52 or 3) formatted as an IgG with effector
functions such as antibody-dependent cell-mediated cytotoxic-
ity.53 In addition, studies on genetically modified T cells with
CARs, including anti-mesothelin CAR T cells, report significant
efficacy in different malignancies.54,55 This membrane-bound
antigen specificity could be of interest for generating anti-mes-
othelin CAR T cells using one of these discriminating Fabs.

Materials and methods

Patient samples

Blood samples from metastatic colon and pancreatic cancer
patients were obtained from the oncology department of Uni-
versity Hospital of Besancon, France. Healthy donor blood
samples were provided by the blood bank of Bourgogne-
Franche-Comte.

Cell culture

CHO, P815, C33A, HT29, A549, PC3, LN-CAP and Hela cells
were purchased from ATCC. CHO, C33A, HT29, A549, and
Hela cells were cultured in DMEM-Glutamax (GIBCO), PC3,
LN-CAP and P815 in RPMI 1640 supplemented with 10% of
heat-inactivated fetal bovine serum ((FBS-HI)-Gibco), and 1%
of penicillin-streptomycin (10,000 U/mL) (GIBCO). BesPac-
C7, BesPac-C8, and BesPac-C12, were purified in our labora-
tory from ascites of pancreatic cancer patients donated as above
and cultured in DMEM-Glutamax supplemented with 10% of
FBS-HI. All cells were cultured in T175 Flasks at 37�C in a 5%
CO2 incubator and sub-cultured every 2 d when cells conflu-
ence reached 80–90% of the cell flask. P815 and CHO cells
were transfected with mesothelin-expressing PCMV6-XL4 vec-
tor (Invitrogen) to obtain CHO-Mesothelin and P815-Meso-
thelin cells.

Immunization of Mice

Four weeks old female BALB/c mice were first immunized
intraperitoneally with 1 mg of full-length mesothelin recombi-
nant protein (RayBiotech, ref: 230–00043) and, for the next

2 days, each day 1 mg of cyclophosphamide was injected intra-
peritoneally to each mouse. This procedure was performed
4 times at intervals of 2 weeks. Four days after the last cyclo-
phosphamide injection, mice were immunized intraperitoneally
(3 times at intervals of 2 weeks) with 10 million P815 cells
transfected with mesothelin-expressing vector. A further
2 weeks later, an intravenous injection was performed with
1 million P815-Meso cells. Four days after the last injection, the
mice were killed and the spleens were collected.

RNA extraction and cDNA construction

All spleens were separately mechanically degraded and spleno-
cytes were collected. RNA was extracted using Qiagen RNeasy�

Midi Kit according to manufacturer’s instructions. 40 mg of
RNA was used to make the cDNA by using SuperScript III First
Strand Synthesis System by Invitrogen (cat#18080–051).

Sub-library construction

PCR reactions were performed with primers to amplify specifi-
cally the VH-Ch1 and Vk-Ck coding regions of lymphocytes.
The PCR amplifications were performed using the Expand
High Fidelity System by Roche (cat# 4738268001) in 100 ml
reaction volume using 6 ml of non-purified cDNA as template
and 500 nM of each combination of primers. After the migra-
tion and purification of PCR products, second PCR reactions
were performed, this time with restriction enzyme sites con-
taining primers. After the second PCR, all products for VH-
Ch1 and Vk-Ck were pooled and digested with SfiI/NotI and
ApaLI/AscI, respectively. Phage-mid pCB3 vector was digested
with the same enzymes and ligation was performed separately
to obtain 2 sub-libraries, VH-CH1 and Vk-Ck. After the trans-
formation of E. coli strain TG1 by electroporation, sub-libraries
with the size of greater than 1EC08 colonies were created.

Library construction

After overnight culture, midi-prep was performed for each of
the sub-libraries. VH-Ch1 regions were cloned on the Vk-Ck
sub-libraries after digestion by SfiI/NotI enzymes. Transforma-
tion was performed with electroporation on E. coli strain TG1
and libraries with sizes of greater than 1EC08 colonies were
obtained.

Panning of library

Phages were incubated with 5EC06 cells in solution for one
hour at 4�C and then washed several times with 10% FBS/phos-
phate-buffered saline (PBS). Bound phages were retrieved using
trypsin (1 mg/ml) at room temperature. Protease activity was
immediately neutralized by applying 16 mM protease inhibitor
AEBSF. On the first round of screening the CHO-Mesothelin
cells were used to select the phage libraries; on the second
round the P815-Mesothelin cells were used to select the first
round rescued phage.
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Preparation of periplasmic extracts containing soluble
Fabs

Soluble Fabs were produced from individual E. coli clones as
described.56 Fab expression was induced by adding 1 mM of
isopropyl 1-thio-b-D-galactopyranoside. Periplasmic extracts
(P.E.s) containing soluble Fab were extracted by a freeze/thaw
cycle; bacteria were pelleted and frozen at ¡80�C for 2 hours
and then thawed at room temperature and resuspended in
110 ml of PBS. The P.E. containing the soluble Fab was col-
lected after 30 min shaking at room temperature and
centrifugation.

Flow cytometry and screening

Twenty ml of extracted Fabs were tested for binding to CHO-
Mesothelin and to CHO-WT cells using a Flow cytometer BD
AccuriTM C6 system. The binding of the soluble Fabs to CHO-
Mesothelin and to CHO-WT cells (1EC05 cells) was detected
with an anti c-myc antibody (Myc 9E10 Diaclone
cat#855.313.020 and a goat anti-mouse IgG-FITC (Cappel MP
cat#55526). Fab binding levels were determined by the percent-
age of positive cells signal and mean intensity levels in the FL1
channel detector. Each monoclonal Fab sample was also tested
on non-expressing cells, CHO-WT, as a control. The positive
clones were then tested in the presence (0.8 mg/well) and
absence of soluble recombinant human mesothelin (Raybio-
tech, cat#230–00043–50). Selected clones were also tested with
the same method on Hela cells to determine the natural form
binders.

Human mesothelin fluorescein-conjugated antibody (ref:
FAB32652F) from Bio-techne was used for positive control
staining on mesothelin-expressing cells. Anti-CD59 antibody
was purchased from Diaclone.

FLAER were purchased from Cedarlane Labs and used
according to the manufacturer’s instructions.

Sequencing of antibody genes

Agar stabs were prepared from the panel of positive clones, by
inoculating with 2 ml of stock culture flat-bottom 96-well plates
containing LB Agar supplemented with ampicillin at 100 mg/
ml and 2% glucose, according to LGC Genomics recommenda-
tions. The variable heavy chain was sequenced with primer
pelb3 and the variable light chain was sequenced with primer
M13R. The amino acid sequences of the Fab variable domains
obtained from LGC genomics were extracted using CLC Work-
bench or SIMPLE antibody extractor software. The Fabs were
grouped in families based on the VH-CDR3 amino acid
sequence homology.

Production and purification of chimeric monoclonal
antibodies

1H7 was chimerized at RD Biotech (Besançon, France) with
human IgG1-expressing mammalian vector and transfected to
CHO cells. Cell culture supernatants were collected and anti-
body concentration was determined by RD Biotech.

ELISA

Binding of selected clones to soluble mesothelin was also
assayed by ELISA. Wells of Maxisorp plates (Nunc,
cat#456537) were coated with 100 ng of full-length recombi-
nant mesothelin protein in 100 ml of PBS and incubated over-
night at 4 �C. The wells were saturated with 200 ml of 5%
bovine serum albumin solution for 2 hours. 100 ml of PBS con-
taining 20 ml of extracted Fabs was applied to each well and
incubated for 1 hour at room temperature. After washing sev-
eral times with 1X washing buffer, bound Fabs were detected
with biotinylated anti c-myc antibody and revealed with HRP
coupled streptavidine for 30 minutes. After washing several
times with 1X washing buffer, 100 ml of HRP substrate TMB
was added to each well. Color development was stopped after
5 minutes by adding 100 ml of 2N H2SO4, and the OD readings
were taken at 450 nm.

To determine mesothelin quantity in samples an ELISA
assay kit from Biolegend (cat: 438604) was used. ELISA was
performed following manufacturer’s instructions.

Immunoprecipitation and western blotting

Immunoprecipitation (IP) of cell lysates from Hela and CHO-
Meso cells was performed by using Dynabeads Protein G. At
first, to preclear the cell lysate, 200 ml of Dynabeads Protein G
was washed 3 times with PBS tween (0.025%) and incubated
with cell lysate at 4�C overnight, and then the beads were
removed by centrifugation 5 minutes at 20000 g and superna-
tant was recovered. In parallel, 30 ml of Dynabeads Protein G
was also washed with Tris-buffered saline (TBS) tween
(0.025%) and incubated with 5 mg of 1H7-hFc at 22�C for
2 hours. Then, the beads were precipitated and added to the
supernatant recovered after the preclearing step and incubated
at 4�C for 4 hours. Immune complex was precipitated by mag-
netic capturing, and washed 4 times with 600 ml of TBS tween
(0.025%). The precipitated immune-complex was dissociated
by heating to 70�C for 5 minutes and recuperated in 50 ml of
Laemmli 1X buffer without adding b-mercaptoethanol. Five ml
of the IP product was used for SDS gel migration and colora-
tion and also for western blotting experiments.

Cellular proteins were extracted in Laemmli 1X buffer with-
out adding b-mercaptoethanol and not heated to 95�C. They
were separated by electrophoresis (SDS-PAGE) in a polyacryl-
amide gel in the presence of sodium dodecyl sulfate (SDS)
according to their molecular weight, and stained by InstantBlue
(Sigma) following manufacturer’s instructions.

After the migration in a polyacrylamide gel, all proteins were
transferred to a polyvinylidene difluoride film for staining by a
specific antibody (1H7-hFc) and then detection by secondary
anti-human antibody coupled to peroxidase was performed.
15 mg of lysed cells (Input) was also used as a control.

Exosome extraction

Exosomes were extracted from Hela cell culture. Cell culture
was centrifuged at 300 x g for 10 mins to precipitate the cells,
2000 x g for 10 mins to pellet dead cells, 3000 x g for 30 mins
to pellet cell debris and supernatant was collected. Then,
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ultracentrifugation was performed at 100000 x g for 70 mins to
precipitate exosomes. Supplementary wash step with PBS 1X at
100000 x g for 70 mins was also performed to remove the con-
taminant proteins.

Exosomes were detected by confocal microscopy with CD63
staining and mesothelin concentration was determined by
ELISA assay.
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