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NEW ANTI-MESOTHELIN SINGLE-DOMAIN ANTIBODIES AND CELL MODELS FOR DEVELOPING
TARGETED BREAST CANCER THERAPY

Kravchenko YUE, Chumakov SP 4, Frolova El
Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of Sciences, Moscow, Russia

Most triple negative breast cancers (TNBC) are characterized by elevated expression of mesothelin (MSLN), a cell surface antigen and one of the preferred targets
for the therapy of solid tumors. Most continuous TNBC cell lines are MSLN-negative, which obstructs the development of MSLN-targeted therapy for TNBC. The
aim of this study was to identify TNBC cell lines with MSLN hyperexpression and to obtain single-domain antibodies (nanobodies) capable of recognizing MSLN
in TNBC cells. Mesothelin expression levels were measured in the panel of TNBC cell lines by real-time reverse-transcription PCR. PCR results were verified by
measuring concentrations of the megakaryocyte potentiating factor (the secreted fragment of the mesothelin precursor) using sandwich ELISA. Immune phage-
display VHH fragment libraries were prepared from mononuclear cells of Vicugna pacos using a modified library enrichment protocol. Two nanobody variants with
high specificity for the target and K, of about 140 and 95 nmol, respectively were obtained. Two MSLN* and three MSLN- cell lines were identified in the TNBC
cell lines panel. The nanobodies demonstrated the ability to recognize the target antigen in MSLN* cells and had the low ability to bind to MSLN- cells. Thus, we
found a convenient MSLN* TNBC cell model for MSLN-targeted therapy testing. The new single-domain antibodies can be used as targeting components of
chimeric antigen receptors.
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HOBbIE OAHOAOMEHHbIE AHTUTEJIA K ME3SOTEJIHY U KNETOYHbIE MOAENN AN1A PASPABOTKU
TAPFTETHOW TEPAMUU PAKA MOJIOYHOW XXENE3bI

HO. E. Kpasuerko, C. M. Yymaxos = E. 1. dpososa
HCTUTYT BroopraHmyeckon xummnmn uveHn M. M. LemskuHa v FO. A. OBumHHMKOBa, Mocksa, Poccus

Cpenu cnyyqaeB TpwKabl HErATUBHOMO paka MofiouHon xxenedbl (THPM>K) npeobnagaioT HoBOO6pa3oBaHNsi C MOBbILLEHHOM 3KCMPECCHEeNn NOBEPXHOCTHOMO
aHTreHa mesotenmHa (MSLN) — ofHon 13 npeanodTUTeNbHbIX MULLEHE ONs HanpaBneHHOM Tepanui MHOTMMX BUAOB COMMAHbIX oryxonen. Pagpabotka
MSLN-onocpenosanHon Tepanmn THPMXK ocnoxxHeHa Tem, 4To 6obluast HacTb NepeBmBaeMblX KNETOHHbIX KynsTyp aTtoro cybtuna MSLN-HeratusHbl. Liensio
paboTbl ObIN0 HaNTK rvnepakcnpeccupytoe MSLN MogenbHble KneTouHble Kynstypbl THPMXK 1 nonyymTb HOBble OQHOAOMEHHbIE aHTUTeNa (HaHoaHTUTena),
pacnosHatoue MSLN Ha knetkax THPMXK. YpoBHW TpaHcKpunTa Me3oTennHa Gbin onpeaeneHbl Ha naHenn KnetodHbix avHiia THPMXK npu nomowm OT-
MUP-PB, pesynstatsl BepUdULMPOBaHbI HEMPAMBIM UMMYHO-(EPMEHTHBIM aHaIM30M Ha MerakapUOLMT-MOTEHLIMPYIOLLMIA (hakTop, CEKPETUPYEMYIO YacTb benka-
NPEeALIeCTBEHHVKa Me3oTenvHa. [ns nony4eHns HaHoaHTUTeN aganTupOBaIM METOA, MPEeaBapuUTENbHOrO 0boralleHs MMMYHHbIX BrbnuoTek parmeHTos VHH-
aHTUTEN U3 MOHOHYKIeapoB Vicugna pacos ¢ cenekumert Npu NoMoLLM haroBoro avcnnes. B pesynstaTe vccnefoBaHns Nony4YeHbl ABa BapraHTa HaHoaHTUTeN,
06/18[at0LLVIX BBICOKON CMeUvdU4HOCTLIO B3aMOAGVICTBIS C MULLEHbIO U K, 0Koro 140 1 95 HMoSb. Bbinn naeHTUdMUMpOBaHb! ABe HN KNeTok MSLN® v Tpu
nvHM MSLN- THPMPK. HaHoaHTuTena okasanncb CrnocobHbl pacno3HaBaTh Lieneson aHtureH Ha MSLN* kneTkax 1 obnajanv H13K1M YpoBHEM CBS3bIBaHUSA
¢ MSLN-KneTo4HbIMK KynsTypamn. YcTtaHoBneHa yaobHas knetodHas mogens MSLN* THPM)K ansa TectmposaHus MSLN-onocpeaoBaHHoM Tepanin; HoBble
OOHOAOMEHHbIE aHTMTeNna MoryT BbiTb MCMOML30BaHbI B KA4€CTBE HALEMBAIOLLMX YaCTel XUMEPHbIX aHTUMEHHbIX PELenTOPOB.

KntoueBble cnoBa: HaHOaHTUTENA, XUMEPHbIN aHTUMEHHbI PELLENTOP, ME3OTENNH, TPVKAbI HEraTUBHBIA PaK MOTIOHYHOM >Kenesbl
®durHaHcMpoBaHue: paboTa BbINoHeHa Npy (rHaHCOBOW nopaemkke MuHMCTepcTBa 06pa3oBaHuns U Haykin PO (yHuKaneHbii kog npoekta RFMEFI60418X0205).
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Mesothelin (MSLN) is a small cell-surface protein anchored to
the cell membrane via its C-terminal glycosylphosphatidylinositol
(the GPI-anchor) [1]. In humans, mesothelin expression is
limited to the cells that line the pericardium, peritoneum and
pleura. However, mesothelin is also abundantly expressed in
many tumors, including 100% of mesotheliomas, up to 70% of

ovarian cancers, 60% of triple negative breast cancers, 50% of
lung cancers, pancreatic and biliary cancers, and gastric cancer
[2, 3]. The role of mesothelin in the initiation and progression
of malignancies is not fully understood. Since mesothelin is a
receptor for another cancer antigen, MUC16, it might promote
the metastatic expansion of MUC16-expressing cells typically
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seen in ovarian tumors [4]. Mesothelin can inhibit the TNFa-
induced apoptosis of tumor cells [5], stimulate proliferation
and invasion of malignant cells [6] and promote resistance
to chemotherapy [7]. The evident prooncogenic effect of
this protein, its elevated expression in the most aggressive
subpopulations of cancer cells and limited expression in normal
tissue make mesothelin an attractive target for cancer therapies
that rely on monoclonal antibodies and immunocompetent
cells expressing chimeric antigen receptors (CARs). Currently,
a few types of immunotoxins and MSLN-CAR-T cells are being
tested as candidate therapeutics against mesotheliomas,
pancreatic, biliary, gastric and ovarian cancers [3].

Mesothelin can function as a biomarker for many TNBC [8].
TNBC is defined as a breast cancer negative for the estrogen
(ER) and progesterone (PR) receptors and lacking HER2/neu
(ERBB2) expression. TNBC is a very aggressive malignancy
with a poor prognosis: there are no effective therapeutic
regimens for this type of cancer. There were attempts to identify
different gene expression patterns within this cancer subtype;
for example, the claudin-low phenotype was identified a while
ago [9]. This, however, did not result in the advent of a novel
specific therapy for TNBC. Mesothelin is overexpressed in more
than half of TNBC cases and in no more than 4% of ER*, PR* and
ERBB* breast cancers; therefore, it could be considered a fairly
selective TNBC marker and a promising therapeutic target [10].

In MSLN-targeted CAR-based therapy, the antigen-
recognition domain of CAR is assembled from single-chain
variable fragments (scFv) derived from anti-MSLN monoclonal
antibodies [11]. Thisis afast yet not perfect method for obtaining
CAR prototypes and testing their efficacy. ScFv derived from
traditional antibodies can have inferior physical and chemical
properties due to the altered secondary structure and are
characterized by reduced affinity and reduced specificity for
the target protein [12]. Besides, it is argued that monoclonal
antibodies for immunotherapy and immunodiagnostics should
preferably be high-affinity (in the nanomolar range), whereas the
most important factor for CAR engineering is antibody binding
specificity (the optimal antibody affinity for the target can be
much lower) [13]. This necessitates a search for new antibodies
for CAR constructs.

Since antibodies for CAR therapy are designed as scFv,
alternative immunoglobulin structures like single-domain
antibodies (sdAb) of Camelidae have some advantages as
candidates for CAR design [14]. These camelid antibodies
consisting of variable heavy homodimers (VHH) arose from
a point mutation in the hinge region of the heavy chain; in
the course of evolution, they “learnt” to effectively recognize
antigens in the absence of light chain variable fragments [15].
Owing to the extended CDRS3 length and the presence of
an additional disulfide bond, VHH antibodies are capable of
binding to their targets with the same specificity and affinity
as traditional antibodies, but they are advantageously smaller
in size and have good solubility. Their antigen-recognition
sites are located on their single peptide chain, so they can be
easily employed as scFv (VHH fragments or nanobodies) to
create new CARs [16]. Today, there are two variants of anti-
mesothelin nanobodies, but their application is still limited to
immunodiagnostics [17, 18].

Once the antigen-recognition domain of an anti-MSLN CAR
has been designed, the CAR construct needs to be tested
using an adequate ex vivo model. According to the literature,
the most commonly exploited model TNBC cell lines are
MSLN-. The aim of this study was to identify the cell line with
high MSLN expression in the panel of commercial TNBC cell
lines, select VHH fragments against MSLN using phage display
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and find a few sequence variants that could be used to create
an anti-MSLN CAR.

METHODS
Cell culture

The cell lines used in this study, including HEK-293T
(transformed human cells), MDA-MB-231, MDA-MB-468,
MDA-MB-436, MDA-MB-157, MDA-MB-453, HCC1937,
HCC1143, HCC38, HCC70, HCC1806, HCC1187, HCC1395,
BT-549, BT-20, and Hs 578T (TNBC), were ordered from the
American Type Culture Collection (ATCC; USA). The cells
were grown in DMEM-F12 (PAA; Austria) supplemented with
10% fetal bovine serum (Gibco; USA), 2 mM alanylglutamine
(PanEco; Russia), 20 mM HEPES, 100 pg/ml penicillin and
100 pg/ml streptomycin (PanEco; Russia).

RNA isolation and reverse transcription PCR

RNA was isolated using an RNeasy Mini kit and spin
columns (Qiagen; USA) following the manufacturer’s protocol
or, alternatively, extracted in preparative amounts using
an ExtractBNA reagent (Evrogen; Russia) following the
manufacturer’s protocol. The reverse cDNA sequence was
generated from the purified RNA template using a ProtoScript |l
First Strand cDNA Synthesis Kit (NEB; USA). The purified RNA
(500 ng per reaction) was mixed with other kit components,
including the d(T),, primer, following the manufacturer’s protocol.
CDNA of VHH fragments was synthesized using a specific
primer CH2-IgG-sp rev (GGTACGTGCTGTTGAACTGTTCC).
The RNA/primer mix was incubated at 42 °C for one hour
and then at 80 °C for 5 min. The amount of cDNA per each
quantitative PCR (gPCR) reaction was no more than 50 ng.

Real-time PCR

For gPCR, we used HS-Taqg polymerase (Evrogen; Russia)
and a set of specific primers, including MSLN-gPCR
dir (GCACTCCTCTTTCTGCCTGG), MSLN-gPCR rev
(GCCATGGTCTGTGTAGATCCC) and MSLN-probe (5'-FAM-
CCCACGGTGCCTCCCTCCCT-BHQ1-3') by DNA-synthesis,
Russia. Primer and probe selection was aided by the Primer-
BLAST tool (NIH NCBI; USA). Prediction of secondary
structures was carried out using the OligoAnalyzer Tool (IDT,
USA). All experiments were run in 6 replicates. The amount
of the accumulated PCR product was compared between the
samples based on the Ct values. GAPDH was used as an internal
control for real-time PCR; the expression of target genes was
normalized to GAPDH expression (ACY). The ACt value in the
cDNA sample isolated from the MDA-MB-231 cell line was used
as a calibration standard. Thus, changes in gene expression in the
studied samples were calculated by the formula: 2 —@Ctsample - ACtcalo)
[19]. PCR was performed in the MyiQ Single-Color Real-Time PCR
Detection System (Bio-rad; USA).

MSLN producer and recombinant protein

CDNA prepared from the HCC1806 cell line was amplified
in the presence of 2 primers for the membrane-anchored
mesothelin domain sequence: MSLN full dir (GAAGTGG
AGAAGACAGCCTGTCCTTCAGGC) and MSLN full rev
(GCTGAGGTCTAGGACCAGGTAGCCGTTG) by  DNA-
synthesis, Russia. The initial denaturation step was performed
at 95 °C for 120 s, followed by 30 cycles of 95 °C for 30 s, 66 °C
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for 30 s and 72 °C for 60 s in the presence of Tersus polymerase
(Evrogen; Russia). Then the reaction mix was loaded on 1%
agarose gel and stained with the intercalating Sybr Gold dye
(Thermo; USA); the target band (~890 bp) was identified using
the Cleanup mini kit (Evrogen; Russia). The obtained DNA was
subjected to PCR amplification in the presence of 2 primers:
MSLN Xba dir (AGAGAGTCTAGAGAAGTGGAGAAGACAG
CCTGTCCTTCAGGC) and MSLN Bglll rev (AGAGAGAGATC
TGCTGAGGTCTAGGACCAGGTAGCCGTTG), following the
protocol of 18 cycles described above. The PCR product was
again purified using the Cleanup mini kit and cloned at the
Xbal — Bglll/BamHI restriction sites (enzymes by NEB; USA)
of a pLCMV-HT-puro lentiviral expression vector (ligase T4,
Evrogen; Russia). Plasmid pLCMV-MSLN-HT-puro DNA was
purified using a Plasmid miniprep kit (Evrogen; Russia). To
prepare the lentiviral vector, 106 HEK-293T cells were plated
onto a 10 cm culture dish. Next day, the LCMV-MSLN-HT-puro
plasmid was mixed with the psPAX2 and pMD2.G packaging
plasmids (both were a gift from Didier Trono (Addgene plasmid #
12260 ; http://n2t.net/addgene: 12260 ; RRID:Addgene_12260
and Addgene plasmid # 12259 ; http://n2t.net/addgene:12259;
RRID:Addgene_12259) at the weight ratio of 5: 3 : 2 (the total
amount was 20 pg). Transfection was performed in the Opti-
MEM medium (Gibco; USA) following the protocol adapted
from [20]. Next day, the Opti-MEM medium was replaced with
fresh serum-free DMEM-F12 supplemented with a Serum
replacement solution, a Lipid mixture (both by Peprotech; USA)
and 4 mM caffeine (Sigma Aldrich; USA). Forty-eight hours later,
the medium enriched in the lentivirus was harvested, filtered,
supplemented with 10 pg/ml polybrene (Sigma Aldrich; USA)
and combined with intact HEK-293T cells (5 x 10°) plated onto
a 10 cm culture dish. After 24 h of incubation, the medium was
replaced with a regular culture medium. Seventy-two hours
after inoculation, the medium was supplemented with 1 pg/ml
puromycin (Sigma Aldrich; USA), and the culture was left to
incubate for 10 days. To obtain recombinant mesothelin, the
cells were seeded onto six 15-cm culture dishes (2.5 x 107 cells
per dish) containing DMEM-F12 supplemented with the Serum
replacement solution and the Lipid mixture. Protein-containing
liquid culture medium was harvested every 4 days for 16 days.
The obtained recombinant mesothelin was purified on HIS Mag
Sepharose Excel magnetic beads (Cytiva; USA) according
to the manufacturer’s protocol. Pooled mesothelin samples
were run through PD-10 columns (Cytiva; USA) to transfer
mesothelin to a phosphate buffer. Mesothelin concentrations
were determined by measuring OD280 with a Nanodrop
OneC spectrophotometer (Thermo; USA). For quality control,
the protein was run in a polyacrylamide gel and stained with
Coomassie Blue G-250 following the standard protocol.

Animal immunization and collection of biological samples

Biological specimens (venous blood samples) were collected
from an alpaca (Vicugna pacos), the member of the Camelidae
family. For primary immunization, 400 ug/500 pl mesothelin
was mixed with an equal volume of complete Freund’s adjuvant
(Pierce; USA) until complete homogenization. For boosting,
250 pg/500 pl mesothelin was combined with an equal volume
of incomplete Freund’s adjuvant. A total of 3 booster doses
were administered at 2-week intervals. The antigen was
injected subcutaneously and intramuscularly into the thigh of
the animal. Prior to each immunization, a venous blood sample
(10 ml) was collected to measure serum concentration of anti-
mesothelin antibodies. B cells were separated from peripheral
blood mononuclear cells (PBMC) 5 days after the last booster

injection. PBMC were isolated from a fresh blood sample (100 ml)
by density gradient centrifugation with Ficoll (1,077 g/ml)
(PanEco; Russia) following the standard protocol.

Primary selection of B cells

Recombinant mesothelin was biotinylated with NHS-LC-
biotin (Covachem; USA) following the standard protocol and
then used for magnetic separation of B cells with an EasySep
Biotin Positive Selection Kit Il (Stemcell Technologies; Canada)
according to the manufacturer’s protocol. RNA was isolated
from the separated cell fraction using the Satellite red co-
precipitator (Evrogen; Russia).

Assembly of immune VHH library

The VHH library was prepared from cDNA synthesized in 8
independent reactions from a total of 4 yg mRNA. Target
VHH sequences were amplified in the presence of high-fidelity
Tersus polymerase (Evrogen; Russia) and the following primers:
AlpVHH3 uni fwd (CCACCATGTCTAGASAGKTGCAGSTSGTR
GAGTCTGKGGGAGG), AlpVHH-R1 (AATCCGGATCCGGGGG
GTCTTCGCTGTGGTGCG) and AlpVHH-R2 (AATCCGGATCC
GGTTGTGGTTTTGGTGTCTTGGG); the 2 later primers were
based on the sequences published in [21]. The amplification
protocol consisted of a denaturation step at 95 °C for 120 s,
followed by 30 cycles of 95 °C for 30 s, 61 °C for 30 s and 72 °C
for 30 s. The phagemid library was prepared by cloning the
amplified VHH sequences into a pHEN2-XB phagemid using the
Xbal and BamHI-HF endonucleases and the T4 Electroligase
(NEB; USA). TG-1 cells were transformed with the phagemid
library by electroporation using a Genepulser system (Bio-Rad;
USA). Phage selection was performed following a previously
published protocol [22] using the antigen immobilized on
immuno tubes.

Expression and purification of candidate
biotinylated antibodies

Sequences of VHH fragments from the selected individual
phagemid clones were cloned into the pET-BAD expression
vector at the Xbal and BamHI sites. The resultant constructs
were used to transform biotin ligase-expressing BL21DES-
BirA cells. The water-soluble nanobodies were obtained
from individual cell colonies grown in the liquid medium
supplemented with 0.2 mM D-biotin (Covachem; USA). The
culture protocol was previously described in [23]. The water-
soluble nanobodies were isolated from the periplasm by lysing
the bacterial cell sediment in the buffer composed of 50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 0,1% Triton X-100 and
10 mg/ml lysozyme and PMSF, followed by triple sonication
with a Soniprep-100 ultrasonic disintegrator (Soniprep; USA),
subsequent purification on HIS Mag Sepharose Excel magnetic
beads (Cytiva; USA) and transfer to a phosphate buffer.

ELISA

Megakaryocyte potentiating factor (MPF) concentrations in the
liquid culture media were measured using a Human Mesothelin
Propeptide/MPF DuoSet ELISA (RND Systems; USA) according
to the manufacturer’s protocol. To quantify anti-mesothelin
serum antibodies, the collected serum samples were added
to the wells of a well-plate coated with 5 pg/ml mesothelin
and then treated with polyclonal sheep anti-alpaca antibodies;
detection was carried out using HRP-conjugated donkey anti-
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sheep antibodies (Santa Cruz; USA). Library enrichment was
evaluated following a previously published protocol [22]. The
wells of the well-plate were coated with 5 ug/ml mesothelin;
detection was aided by HRP-conjugated anti-M13 antibodies
(Sino Biological; China). For direct ELISA, the wells of the
well-plate were coated with mesothelin and treated with
1 pg/ml nanobodies. Antigen detection was carried out using
anti-c-myc biotinylated antibodies (SciStoreLab; Russia) and
HRP-conjugated streptavidin  (R&D Systems; USA) or, for
biotinylated nanobodies, using HRP-conjugated streptavidin
only. For sandwich ELISA, 5 pg/ml MesoVHH-1E3 was used
as a capture antibody for antigen immobilization, 1 mg/ml
MesoVHH-2H5B was used as a detection antibody, and HRP-
conjugated streptavidin was added for additional probing. A
ready-to-use tetramethylbenzidine solution (Sigma Aldrich;
USA) was employed as a substrate for HRP conjugates.
Colorimetric measurements were done with a Triad microplate
reader (Dynex; USA).

Biolayer interferometry

Dissociation constants (Kd) for purified MesoVHH-1E3B
and MesoVHH-2H5B nanobodies were determined using
Streptavidin (SA) biosensors and a BLltz system (ForteBio;
USA).

Nanobody cell staining
and flow cytometry

Adherent cells were detached from the surface using TrypLE
(Thermo; USA) and then fixed in 3.7% paraformaldehyde
solution. Cells suspended in the phosphate buffer were
incubated with 5 pg/ml nanobodies for one hour (except for
control samples) and then washed with Streptavidin-FITC
(MyBioSource; USA) for 40 min. After that, the unreacted reagent
was removed and fluorescence was measured by means of a
FacsVantage SE flow cytometer (Beckton Dickinson; USA). The
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data generated by flow cytometry were processed in Flowing
Software (Perttu Terho; Finland).

Statistical analysis

Statistical analysis was done in Prism 8 software (GraphPad
Software; USA).

RESULTS

To obtain nanobodies against mesothelin, a Vicugna pacos
animal was challenged with recombinant mesothelin containing
highly immunogenic full-sized regions Il and Ill. The immune
response was closely monitored at all time points after initial
immunization and administration of booster doses. Production
of anti-mesothelin serum antibodies slowed between the 2™
and 3 booster injections (Fig. 1A), so blood samples for library
preparation were collected on day 5 after the 3 booster injection.
The mononuclear cell fraction was divided into 2 equal parts, which
were subsequently used to prepare 2 immune phage-display
libraries. The first library was prepared from the total RNA isolated
from mononuclear cells; the second library was prepared from
the total RNA isolated from the cells that had undergone positive
selection on magnetic beads coated with biotinylated mesothelin.
This was necessary to clear the cell population of the B cells that
secreted irrelevant antibodies. Both phage-display libraries were
subjected to 3 rounds of selection on the immobilized antigen,
with enrichment control between the rounds. The second library
was characterized by higher abundance of MSLN-reactive clones
and better enrichment with target sequences after as early as one
round of selection (Fig. 1B). After positive selection, 48 clones
were randomly chosen from each library and tested for response
to mesothelin using ELISA; the clones characterized by the
maximum level of signal intensity (Fig. 1C) were sequenced.

Sequencing revealed that all selected clones contained 2
types of VHH fragments, which we called MesoVHH-1E3 and
MesoVHH-2H5.

-@ Without preselection
4 With preselection

0.0 T T 1
Init. Round 1

Round 2 Round 3

N2 6 AN O PR P RN R DD P N R PP RS RLE @A AR R R P QPP

Fig. 1. Selection of nanobodies. A. Levels of anti-mesothelin serum antibodies in the blood of the immunized animal at the time of immunization and each booster injection.
B. The dynamics of phage libraries enrichment with mesothelin-specific nanobodies after each round of selection. C. Results of screening of 96 randomly selected
clones (direct ELISA for mesothelin). 1-48 — clones from the library that was not subjected to preselection; 49-96 — clones from the library that underwent preselection.
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Fig. 2. Determination of mesothelin levels. A. Relative MSLN expression levels in TNBC cell lines evaluated by real-time PCR. B. MPF levels in the cultural media with
TNBC. The graphs show median values and standard deviations between biological replicates

Both sequences were cloned into a pET-BAD expression
vector in frame with biotinylation signal sequence of BirA biotin
ligase. Biotinylated MesoVHH-1E3B and MesoVHH-2H5B
antibodies purified by means of affinity chromatography were
tested for their ability to bind to mesothelin using ELISA. We
also attempted indirect antigen detection, in which MesoVHH-
1E3 was used as a capture antibody and MesoVHH-2H5B
was used as a detection antibody. Both tests were successful.
Then, dissociation constants were determined for the purified
antibodies by means of biolayer interferometry. For MesoVHH-
1E3B, Kd was approximating 140 nmol, whereas for MesoVHH-
2H5B it was about 95 nmol.

Mesothelin expression was measured in the panel of
TNBC cell lines by real-time PCR in order to identify MSLN*
and MSLN- cultures. The data generated by real-time PCR
were normalized to the MDA-MB-231 cell line characterized
by low mesothelin expression. The analysis showed that low
mesothelin expression was typical for most of the tested
TNBC cell lines (Fig. 2). Two cell lines (HCC70 and HCC1806)
exhibited moderate expression and hyperexpression of
MSLN, respectively, and therefore were chosen as model cell
lines for further tests on the selected candidate anti-MSLN
VHH antibodies. By contrast, the HCC1187, Hs 578T and
MDA-MB-453 cell lines were characterized by significantly
(> tenfold) reduced MSLN expression and therefore were chosen
as negative controls. The levels of intracellular transcripts do

A Hs 578T HCC1187

not always correlate with the actual amount of the protein on
the cell surface, so the results of real-time PCR needed to be
verified by ELISA using a secreted fragment of the mesothelin
precursor MPF. Only 2 cell lines (HCC70 and HCC1806) were
found to secrete MPF into the liquid culture medium after 6 days
of incubation (Fig. 2B); MPF levels were well-correlated with the
levels of mesothelin expression measured by real-time PCR.
Purified MesoVHH-1E3B and MesoVHH-2H5B antibodies
were used to stain the selected cell cultures and perform flow
cytometry. Both VHH fragments produced intense fluorescence
in most cells (%) of the HCC1806 and HCC70 cell populations
(Fig. 3); however, fluorescence was much less intense in HCC70
cells. No significant differences were observed between the
histograms constructed for the MDA-MB-453, HCC1187 and
Hs 578T cell lines that were used as a negative control to test
the non-specific binding of the studied nanobodies and the
histograms of corresponding samples that were not labeled
with VHH fragments. These findings were consistent with the
PCR data on mesothelin expression in TNBC cell lines used for
the testing of VHH fragments. This suggests that the studied
nanobodies had high specificity for the target antigen.

DISCUSSION

We have successfully identified two specific single-domain
antibodies against mesothelin. The protocol for the pre-

MDA-MB-453 HCC1806

B FiTC e

FiTC FITC FTC

FiTC T
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Fig. 3. Testing of the nanobodies in TNBC cell lines. The graphs show flow cytometry results for the model TNBC cell lines labeled with MesoVHH-2H5B (A) and

MesoVHH-1E3B (B). Staining was done with Streptavidin-FITC
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selection of immunocompetent cells was adapted from [24] and
used to prepare immune libraries. Unlike the original protocol,
we did not perform negative selection on magnetic beads to
separate the B-cell fraction from mononuclear peripheral cells
due to the absence of commercial kits for the isolation of alpaca
B cells. The step involving the sorting of B cells labeled with
fluorescently-conjugated antibodies was also skipped. Instead,
we decided to isolate B cells expressing target B-cell receptors
on their surface by performing positive selection on magnetic
beads coated with biotinylated mesothelin. This approach
allowed us to reduce the amount of the initial raw material
100-fold and create a smaller phage library devoid of irrelevant
antibody fragments. Both anti-MSLN nanobodies were more
abundant in the preselected library and were detected during
the screening of individual clones as early as the first round
of selection. We conclude that our simplified preselection
procedure takes 3 times less time than usually needed to
select a candidate clone. The relative abundance of clones with
affinity for the target in the initial library can prevent the loss of
rare sequences with unique properties.

Currently, there are a few known variants of anti-mesothelin
VHH antibodies [17, 18]. These nanobodies show promise as
immunodiagnostic tools, targeting molecules for nanoparticle-
based therapy and components of bispecific therapeutic
agents. The nanobodies identified in this study are slightly
inferior to the already known nanobodies in terms of their
specificity; however, this parameter is not definitive in allowing
the use of a VHH fragment in a CAR construct. MesoVHH-1E3
and MesoVHH-2H5B have been successfully tested as capture
and detection antibodies, respectively, in a sandwich ELISA.
This suggests that the two nanobodies recognize different
mesothelin epitopes and their simultaneous binding to the
target is not impeded.

Mesothelin-targeting CARs are being actively tested as
candidate therapies for solid tumors [3]. Recently, a number
of studies have been published on the MSLN-targeted therapy
for TNBC [10]. There is a need for a convenient MSLN* TNBC
cell model that could be employed for testing these therapeutic
approaches ex vivo and in vivo. Although the proportion of
primary MSLN* TNBC cultures is substantial, the continuous
cell lines of this subtype are mostly MSLN-negative [8]. By
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