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ABSTRACT

In the 1980s, we developed and characterized numerous murine monoclonal antibodies (MAbs) directed
against human tumor-associated antigens. This mini review is focused on the generation of derivatives of an
anti-folate receptor « (FRa) MAbs, named MOv19, exploiting the antibody-engineering progresses in the last
40 years. The FRo location on the luminal surface of proliferating epithelial cells, inaccessible to circulation,
versus its over-expression in the entire surface of numerous carcinomas suggested a role for anti-FRox MAbs
in the diagnosis and/or treatment of solid tumors. Presently, two MOv19 derivatives are in clinical trials: a
chimeric resurfaced version in an antibody-drug conjugate format (SORAYA trial, 2022) and the murine scFv
in a second generation chimeric antigen receptor, CAR-T (Phase la, 2021). MOv19 and its derivatives could
be considered a relevant example that well-characterized anti-tumor murine Mabs and antibody engineering
could be combined to generate useful therapeutic tools.

Statement of Significance: In the last 40 years, numerous derivatives of an anti-folate receptor «
(FR«) monoclonal antibody (MAb), named MOv19, were generated exploiting the antibody-engineering
progresses. The reported example highlights that combination of well-characterized anti-tumor murine
MAbs and antibody/cell engineering enables the generation of useful therapeutic tools.

KEYWORDS: antibody engineering; monoclonal antibodies; antibody-based therapeutics; CAR-T; folate
receptor alpha

INTRODUCTION first case, two MAbs were selected (MOvV18 and MOvV19)

This mini review is focused on the role played by the
antibody engineering progresses in the generation of anti-
cancer therapeutic tools exploiting a well-characterized
anti-tumor murine monoclonal antibody (MADb), named
MOv19.

During the second half of the 1980s, two independent
research groups developed hybridomas using the crude
membrane of an ovarian cancer (OC) cell line [1] or total
protein extracts from a choriocarcinoma cell line [2]. In the

and one MAD was identified using the other method of
immunization (LK26). Binding assays showed that: (i)
MOv18 and MOv19 [1] and LK26 [3] bound with high
affinity to ovarian tumor cells; (ii) the three MAbs were all
directed to the same 38—40 kDa glycoprotein, subsequently
identified as folate receptor a (FR«) [4]; and (iii)) MOv19
and LK26 recognized an overlapping epitope (unpub-
lished data) which was different from that recognized by
MOvVI18 [5].
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Table 1. Generation and characterization of MOv19

using as immunogen
crude membranes of OC
cell line

Af::iz:fsy Design Study outcomes ‘l?:;i
Murine MAb
Biological and biochemical characterization
of MOv19 that shows tumor-restricted (1)
reactivities 1987
Murine MAb MOv19: Definition of distribution of FRa (called
hybridoma technology | FBP in this study) in normal tissue and (5)

identification of
fluids of normal and tumor origin through a
double determinant assay

its release in biological | 1994

Biotinylated MOv19 + '®IL-strepatvidin,
using two steps assay induce higher in vitro
internalization
exploitation

(6)
1997

suitable for clinical

The approaches applied for generation and use of
MOvV19 murine MADb, and the main study outcomes are
summarized in Table 1.

FR« is a membrane-bound glycosylphosphatidylinositol-
anchored protein which is responsible for the folate trans-
port in a variety of epithelial tissues. FR« is encoded by
the FOLRI gene belonging to a family which include FR«
and FR B, membrane proteins, and FRy, a soluble protein
[6,7]. FRa is capable of transporting into the cell with
high-affinity folic acid (KD < 107 M) and the physiologic
circulating form of the vitamin, N5-methyltetrahydrofolate
[8], but other folate uptake pathways, like the reduced
folate carrier and the proton coupled folate transporter, are
generally used by adult tissues [9,10]. FR« is over-expressed
in multiple cancers, including ovary, breast, brain, lung, and
colorectal cancer [11].

There are a number of unique advantages to exploiting
FRa as a diagnostic/therapeutic target. In fact, FRa is
located on the luminal surface of epithelial cells in most
proliferating non-tumor tissues and is inaccessible to cir-
culation; by contrast, FR« is expressed all over the cell in
malignant tissue and is accessible via circulation. The role
of the FR« in cancer development and progression and FR-
targeted diagnostic/therapeutic tools have been reviewed
[12,13].

MAIN STEPS IN ANTIBODY ENGINEERING
DEVELOPMENT

Antibody therapy was first proposed by Paul Ehrlich in
1900 as a magic bullet, but it takes until 1986 before the
first antibody (Muronomab-CD3) was approved for the
treatment of kidney transplant rejection. The first MAb
for cancer therapy (Rituximab) was approved in 1997 by

the Food and Drug Administration (FDA) for human use.
This result became possible mainly thanks to the following
biotechnological discoveries: hybridoma technology and
polymerase chain reaction (PCR) along with sequencing
and phage display antibody library.

In 1975, Kohler and Milstein invented the hybridoma
technology (Nobel Prize in 1985), which allows for the pro-
duction of large amounts of MAbs with a predetermined
specificity [14,15].

In 1983, the second biotechnological advance was
obtained by Kary Mullis who discovered PCR [16],
a technique which would to revolutionize molecular
biology (Nobel Prize in 1993). The modular arrange-
ment of immunoglobulin domains associated with PCR
and sequencing technique facilitated antibody engi-
neering [17]. The gene segments encoding the domains
of interest are isolated from the mRNA of a culture
of hybridoma cells and are amplified by using PCR
and cloned into expression vectors that contain genes
encoding the human constant domains. In this way,
by transplanting the domains of interest of a mouse
antibody into a human antibody’s backbone, it was
possible to build chimeric antibodies. The development
of genetic engineering has been central to the clinical use of
antibodies.

Humanized antibodies are created by grafting the
complementarity-determining regions (CDRs) from a
mouse’s MAb into a human’s IgG framework;
unfortunately, since the frameworks of an antibody are
fundamental for the correct tridimensional exposure of
the CDRs, the generation of high-affinity humanized
antibodies generally also requires the modification of
additional residues in the frameworks. Several variants of
the humanization technology have been developed [18].



Thanks to the modular organization of the antibody
structures using PCR, it was also possible to amplify the
variable-heavy (VH) and variable-light (VL) domains to
develop functional antibody fragments. The most com-
monly used fragment is the single-chain Fv (scFv) com-
posed of the VH and VL domains of the antibody and
utilizes a flexible peptide linker to covalently join them in
a single polypeptide [19]. ScFv, at present, is the most fre-
quently used building block to create novel antibody-based
reagents.

The ideal reagent for human therapy could be a com-
pletely human antibody. In 1990, John McCafferty, at the
MRC in Cambridge, demonstrated that the expression on
the surface of filamentous bacteriophages of an antibody
fragment (FAD or scFv) was possible [20], thus opening the
way to the construction of human libraries expressed on
phage, leading to the selection and production of human
antibodies without the need of employing animals.

A crucial advantage of the phage display technology is
the linkage of the displayed antibody’s phenotype with its
encapsulated genotype, which permits the rapid determi-
nation of the amino acid sequence of the specific binding
antibody. There is a chance that the binders may result
in a moderate affinity to the targets when panning naive
libraries, and to overcome this limitation, a very large naive
natural libraries should be used and this may be very labo-
rious. Moreover, the lack of the natural pairings of heavy
and light chains present in B cells could potentially lead to
the generation of antibody molecules that have suboptimal
biophysical characteristics that may cause problem such as
aggregation, immunogenicity, and solubility.

Over the last four decades, different murine MAbs
have been selected and well characterized; applying phage
display and epitope imprinting selection, also defined as
“guided selection,” [21-23] it is possible to obtain a human
MADb with the same or overlapping epitope specificity
using one of the mouse antibody chain (either VH or VL)
as a template to drive selection. In the case of MOV19,
the murine VL was paired with a human VH repertoire
expressed on phage, and upon selection of the human VH,
the latter was used to drive the selection of the human
VL, obtaining a completely human antibody fragments
able to compete with the parental antibody MOv19 [24].
The human derivative fragment has then be employed to
develop other immunoreagents.

The parallel development of antibody engineering and of
derivatives of MOv19 is summarized below in the next three
sections.

DERIVATIVES OF MURINE MAB MOV19

PCR amplification of the variable domains linked together
in an scFv format generated the building block for the
construction of: a fusion protein between the MOv19 scFv
and interleukin-2 (IL-2) to improve tissue penetration for
IL-2, reducing the toxicity related to the systemic adminis-
tration of IL-2; a MOv19 intracellular scFv built to contain
a KDEL retention signal to block the scFv in the endo-
plasmic reticulum to block the expression of the FR on
cell surface to study its role in OC progression. The main
outcomes of the relevant studies are summarized in Table 2.
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CHIMERIC, HUMANIZED, AND HUMAN
DERIVATIVES OF MOV19

With the purpose of reducing the immunogenicity of
MOv19, its murine CL and CH y2a genes were substituted
with the genes encoding the human CL and CH y 1 constant
regions [25]. The main study outcomes are summarized in
Table 3 (“Chimeric antibody™).

Subsequently, a chimeric resurfaced MOv19 [26,27]
named M9346A, was used for linking soravtansine to
generate IMGNS853, an antibody drug conjugate (ADC)
[28]. IMGNS853, now named MIRYV, was evaluated in the
FORWARD I Phase III clinical trial; the conclusion [29]
reported is: “In patients with platinum-resistant EOC,
MIRV did not result in a significant improvement in
progression free survival compared with chemotherapy.
Secondary endpoints consistently favored MIRYV, particu-
larly in patients with high FRa expression. MIRV showed
a differentiated and more manageable safety profile than
chemotherapy.” The following clinical trial SORAYA sup-
ports the clinical impact of MIRV. On the basis of SORAYA
results, ImmunoGen, on March 2022, announced the
submission of a Biologics License Application under the
accelerated approval of FDA for MIRV.

The first complete human FADb fragments against FRa
[24] were produced using phage display and epitope
imprinting selection [21], as described above. The binding
affinity of the human FADb fragment (2 x 10’ M™') was
approximately fivefold weaker than that of the murine
MOv19. Unfortunately, due also to its poor production
yield, its development for in vivo clinical use was aban-
doned. To improve the FAb characteristics, a light chain
library derived from OC patients was built and new selec-
tions using the chain shuffling approach were performed
[24]. The obtained human FAb AFRAS recognized FRa
epitope overlapping that of the guiding reagent (VL of
MOvV19). AFRAS, after further optimization as chemical
dimer, named AFRA-DFMS5.3, was considered to be
suitable for in vivo preclinical evaluation [30,31]. The
main outcomes of the relevant studies are summarized
in Table 3 (“Chimeric resurfaced antibody” and “Human
fragments™).

PRECLINICAL AND CLINICAL DEVELOPMENT OF
MOV19 DERIVATIVES FOR LYMPHOCYTE
ACTIVATION

In the last decades, scientists have studied methods to
take advantage of T cell potency in cancer therapy by
redirecting them against tumors independently from the
T cell receptor-defined specificity. The promising initial
approaches were based on two approaches. Bispecific anti-
bodies (BsAbs), reagents that combine the specificities of
two antibodies in a single molecule; and chimeric antigen
receptor (CAR), synthetic immune receptors consisting of
antigen-binding domains derived from an antibody and
intracellular signaling domains derived from the T cell
receptor. In this way, T cells expressing CARs redirect T
cell to the tumor in a non-MHC-restricted manner. The
highly modular nature of CAR-T therapeutics allows for
an even greater product diversification, as was evident in
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Table 2. Generation and biological/clinical applications of the scFv MOv19

Af::izzfsy Design Study outcomes 5::1
Single chain antibody
The treatment with IL-2/MOv19 scFv, but
IL-2/MOv19 scFv: not with recombinant IL-2, significantly
single open reading reduced the volume of s.c. tumors.
frame construct Prolonged release of IL-2/MOv19 scFv by 26)
composed by IL-2 full- | in vivo transplanted producer cells protected
1998
length human cDNA from development of lung metastases after
sequence and MOvV19 | i.v. injection of FRa gene-transduced tumor
scFv cells
In a model of ovarian tumor cells, MOv19
MOv19 scFv intrabody: | scFv intrabody induced FRa down-
MOv19 variable chains | modulation, resulting in a reduced cell
cloned into scFvE- proliferation and adhesion accompanied by
erCMV vector in which | morphological changes and inability to grow 27)
the presence of the in three dimensional organotypic cultures
. 2003
KDEL sequence in 3’ of
Bz the scFv allows its
s WDEL endoplasmic reticulum
retention

the development of several different generations of CAR-T
designs [32].

In the early 1990s, MOv19 was the first anti-cancer anti-
body utilized for generating—with an anti-CD16 MAb—
a BsAb for solid tumors [33] to activate the NK cells.
Subsequently, MOv19 was used to generate a BsAbs with
specificity for TCR gamma/delta. Despite very encourag-
ing results obtained in preclinical models, this approach was
stopped due to its murine origin and due to the fact that the
technology to purify the reagent was very complicated, thus
very costly.

The main outcomes of the relevant studies are summa-
rized in Table 4.

DISCUSSION AND CONCLUSIONS

In 1986, OKT3, a murine anti-CD3 MADb, was the first to
receive an approval from the FDA; and in 2021, the 100th
MAD was approved [34]. At present, biologics account for
approximately 25% of all drugs approved by the FDA, and
in the last 5 years, MAbs are the most prevalent drug over

all types; in 2021, 10 MAbs, 4 of them for cancer therapy,
were approved [35]. In 2008, in a book [36] dedicated to
Kohler and Milstein for their seminal work on antibody,
the editors clearly introduced the concept that “design of
a therapeutic antibody involves target selection, antibody
generation, and engineering for optimal efficacy” [37]. As
a relevant example, highlighting the importance of both
antigen and MAD selection, emergence of targeted thera-
pies such as the anti-HER2 humanized MAD trastuzuma
b (FDA approval in 1998), has been one of the most rele-
vant advancements in the management of metastatic breast
cancer. However, despite the evidenced efficacy, concurrent
chemotherapy was still needed to maximize response and
further approaches, as the use of ADC, were applied. In
2013, a humanized MAb directed against HER?2 linked to a
selected drug (ado-trastuzumab emtansine) revolutionized
the field of ADC:s as the first ADC approved by the FDA
for the treatment of solid tumors; and in 2020, a second
anti-HER2 ADC (trastuzumab-deruxtecan) was approved
[38]. In the same decades, the combination of antibody
and cells engineering enabled the development of CARTce
litherapy, which generated substantial excitement among


https://www.cancer.gov/about-cancer/treatment/drugs/trastuzumab
https://www.cancer.gov/about-cancer/treatment/drugs/trastuzumab
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000771302&version=Patient&language=en
https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000771302&version=Patient&language=en
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Table 3. Preclinical and clinical development of the anti- FRa chimeric/resurfaced/human MOv19 derivatives

. . Ref/
Antibody formats Design Study outcomes Year
Chimeric antibody
ChiMOv19 binds to FRa with the
same affinity as the original MADb (28)
and is active in antibody-dependent 1994

cellular cytotoxicity to ovarian tumor
\i ChiMOv19: cells in preclinical in vitro assays

Original antibody | The availability of ChiMOvV1S,
murine CL and CH | recognizing a different epitope on the
y2a genes FRa, and ChiMOv19 allowed to
substituted with | demonstrate  that activation of
human CL and CH | complement-dependent cytotoxicity | (35)
v1 genes was possible only when both | 2006
ChiMOv18 and ChiMOv19 were
used simultaneously, and was
amplified  with  inhibition  of
complement regulatory proteins

Chimeric resurfaced antibody

Clinical trial “FORWARD I”
(dentifier: NCT02631876) randomized
study designed to compare the safety
and efficacy of mirvetuximab
soravtansine to that of selected
single-agent chemotherapy in women
with platinum-resistant FRa positive
MIRV: advanced EOC, primary peritoneal
cancer and/or fallopian tube cancer.

(32)
2021

MOv19 variable .. .
domains resurfaced MIRV characteristics: robust single-
antibody agent activity; antigen specificity;
‘)‘é“& chemically linked | extended half-life; favorable
S

to soravtansine | tolerability profile

(mirvetuximab [ Clinical trial “SORAYA” (Identifier:
soravtansine) NCT04209855): single arm phase III
in EOC patients with high FRa
expression platinum resistant tumor.

One-third of patients achieved | (36)
remission including 5 complete | 2022
responses and 29 partial responses.

The strength and consistency of the
SORAYA data give the confidence
in a positive outcome in the ongoing

(Continued)
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Table 3. Continued

confirmatory MIRASOL trial

Human fragments

Human FAb:
Murine MOv19
light chain used as
template for epitope
imprinting selection

Competition binding and
immunoprecipitation confirmed the | (25)
specificity of Human FAb compared | 1998
to MAb MOv19

AFRA-MNP:
@ Magnetic

applied to human
FAb AFRA using a
combinatorial
phage library
obtained from OC
4b patients.
Further chemical
manipulation was
performed to obtain
the dimer (AFRA
5.3 DFM)

C-5-5-C~
D o

o
K Il
T N(CH )N, z
o o

S
C s

LEE-EY

s-

NanoParticles After loco-regional administration in

(MNP), constituted | mice AFRA-MNP accumulated to a (37)
‘ of iron oxide greater extent and are retained longer 2015

nanocrystals, are | into FRa positive tumors compared

surface decorated | to FRa negative ones

with Human Fab

AFRA
cfgffhflélilr)lgﬁ\ias Better binding stabilization to the 2(33)9

target antigen due to dimer format

AFRA 5.3 DFM radiolabeled with
BII tested in preclinical models
showed:

1)  pharmacokinetic =~ parameters | (34)
compatible with the size and the | 2011
human origin of the molecule;

1) adequate and specific tumor

localization

researchers and oncologists; and since 2017, six CAR T
cell therapies able to eradicate advanced leukemias and
lymphomas have been approved by FDA for the treatment
of blood cancers [39].

Our data, when considered in the context of clinical
applications of anti-solid tumors MAbs and CAR-T,

suggest that the two engineered derivatives of MOvVI19,
Mirvetuximab and MOv19-BBz CAR-T, could be con-
sidered as useful therapeutics. Antibody engineering
approaches have been applied to the other two anti-FR«
antibodies (MOv18 and LK26) generated in the 1980s,
and their derivatives entered in preclinical and clinical
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Table 4. Preclinical and clinical development of MOv19 and murine and human scFvs for lymphocyte activation
. . Ref/
Antibody formats Design Study outcomes Year
Bispecific antibody
BsAb CD16 X MOv19: CD16/MOv19 BsAb triggered the
specific lysis of NK resistant ovarian | (39)
Hybrid hybridoma carcinomas by resting NK cells and 1991
technique by a subset of NK clones
BsAbs anti-TCR
gamma/delta X MOv19: TCR gamma/delta+ clones but not (40)
TCR alpha/beta+ clones could be
Hybrid hybridoma targeted by the BsAb 1989
technique
CAR-T
Superior tumor regression capacity in
established human OC xenograft
models, which was associated with
enhanced T-cell persistence and a1
tumor localization in vivo compared
MOv 19-BBz CAR-T: | iy "first-generation” CAR that 2011
MOV19-scFv cloned | Provide CD3C signaling to T cells but
into the CAR backbone | lack cis costimulatory — signaling
. pCLPS vector, CD8a | capacity of CD137
hinge and Phase I Clinical trial is ongoing
@ transmembrane-CD137- | (dentifier: NCT03585764)
CD3(¢ The primary objective is the
feasibility and safety of | (42)
intraperitoneal administration and the | 2021
secondary objective is the anti-tumor
response.
Preliminary  data:  intraperitoneal
(Continued)

trials with promising results [11,12,40]. However, a direct
comparison of their efficacy is not possible due to different

investigated approaches.

Overall, the successful generation and application of
antibody engineering to MOvI19 in the last 40 years

could be considered as another demonstration that
combination of a well-characterized anti-tumor murine
MAD with up-to-date antibody/cell engineering approaches
could result in the generation of useful therapeutic

tools.
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Table 4. Continued

access and administration is safe and
feasible; early signs of peripheral
persistence and anti-tumor activity are
seen.

Superior regression of established
tumors in a human OC xenograft
model compared with the marginal

MOvI19-CD27-CAR-T: inhibition achieved with 2(3:?2
conventional, non-costimulated
MOvV19-scFv cloned | CAR-T cells
into the CAR backbone | FRq-CAR-T cells demonstrated in
PELNS vector, CD8a | vitro killing of triple negative breast
hinge and cancer cells and tumor regression in a
transmembrane- CD27- | xenograft  mouse model.  The | (44)
CD3¢ antitumor activity correlates with | 2016
FRa, suggesting that FRa could serve
as a selection biomarker to improve
clinical response rates
C4-CD27-CAR-T: Efficiently  kill  FRa-expressing
tumors in vitro and in vivo and may
Human C4scFv cloned .
into the CAR backbone f)vercome ‘ 1'ssues of  transgene (45)
pELNS vector, CD8a immunogenicity and “ontarget 2015
hinge and off-tumor” toxicity that plague trials
transmembrane- CD27- | utilizing CARs containing mouse-
CD3¢ derived, high affinity scFvs
Complete remission against fully
disseminated human ovarian tumor
Chopt-27z CAR: xenografts in  rodents,  which
Further optimization to | correlates with significant CD4+ and | (46)
create C4opt-27z CAR | cD8+ T cell expansion in peripheral | 2015

subcloned into a PDA
vector

blood.
Significant reduction of progression
of solid OC in vivo

FUNDING STATEMENT
None.

CONFLICT OF INTEREST STATEMENT

None declared.

DATA AVAILABILITY STATEMENT

All data in this minireview are available and described in

the references.

ETHICS AND CONSENT STATEMENT
Not required.




ANIMAL RESEARCH STATEMENT
Not applicable.

REFERENCES

1.

20.

21.

Miotti, S, Canevari, S, Ménard, S et al. Characterization of human
ovarian carcinoma-associated antigens defined by novel monoclonal
antibodies with tumor-restricted specificity. Int J Cancer 1987; 39:
297-303.

. Rettig, WJ, Cordon-Cardo, C, Koulos, JP et al. Cell surface antigens

of human trophoblast and choriocarcinoma defined by monoclonal
antibodies. Int J Cancer 1985; 35: 469-75.

. Garin-Chesa, P, Campbell, I, Saigo, PE et al. Trophoblast and

ovarian cancer antigen LK26. Sensitivity and specificity in
immunopathology and molecular identification as a folate-binding
protein. Am J Pathol 1993; 142: 557-67.

. Coney, LR, Tomassetti, A, Carayannopoulos, L et al. Cloning of a

tumor-associated antigen: MOv18 and MOv19 antibodies recognize
a folate-binding protein. Cancer Res 1991; 51: 6125-32.

. Mantovani, LT, Miotti, S, Ménard, S et al. Folate binding protein

distribution in normal tissues and biological fluids from ovarian
carcinoma patients as detected by the monoclonal antibodies
MOv18 and MOV19. Eur J Cancer 1994; 30: 363-9.

. Lacey, SW, Sanders, JM, Rothberg, KG ef al. Complementary DNA

for the folate binding protein correctly predicts anchoring to the
membrane by glycosyl-phosphatidylinositol. J Clin Invest 1989; 84:
715-20.

. Shen, F, Wu, M, Ross, JF et al. Folate receptor type gamma is

primarily a secretory protein due to lack of an efficient signal for
glycosylphosphatidylinositol modification: protein characterization
and cell type specificity. Biochemistry 1995; 34: 5660-5.

. Antony, AC. Folate receptors. Annu Rev Nutr 1996; 16: 501-21.
. Antony, AC. The biological chemistry of folate receptors. Blood

1992; 79: 2807-20.

. Zhao, R, Min, SH, Wang, Y et al. A role for the proton-coupled

folate transporter (PCFT-SLC46A1) in folate receptor-mediated
endocytosis. J Biol Chem 2009; 284: 4267-74.

. Scaranti, M, Cojocaru, E, Banerjee, S ef al. Exploiting the folate

receptor « in oncology. Nat Rev Clin Oncol 2020; 17: 349-59.

. Ledermann, JA, Canevari, S, Thigpen, T. Targeting the folate

receptor: diagnostic and therapeutic approaches to personalize
cancer treatments. Ann Oncol 2015; 26: 2034-43.

. Cheung, A, Bax, HJ, Josephs, DH et al. Targeting folate receptor

alpha for cancer treatment. Oncotarget 2016; 7: 52553-74.

. Kohler, G, Milstein, C. Continuous cultures of fused cells secreting

antibody of predefined specificity. Nature 1975; 256:
495-7.

. Milstein, C. Monoclonal antibodies. Sci Am 1980; 243: 66-74.
. Mullis, K., Faloona, F., Scharf, S., Saiki, R., Horn, G. and Erlich, H.

(1986) Specific enzymatic amplification of DNA in vitro: the
polymerase chain reaction. Cold Spring Harb Symp Quant Biol, 51
Pt 1,263-73.

. Prabakaran, P, Glanville, J, Ippolito, GC. Editorial: next-generation

sequencing of human antibody repertoires for exploring B-cell
landscape, antibody discovery and vaccine development. Front
Immunol 2020; 11, 1-4.

. Vaughan, TJ, Osbourn, JK, Tempest, PR. Human antibodies by

design. Nat Biotechnol 1998; 16: 535-9.

. Carter, PJ. Potent antibody therapeutics by design. Nat Rev Immunol

2006; 6: 343-57.

McCafferty, J, Griffiths, AD, Winter, G et al. Phage antibodies:
filamentous phage displaying antibody variable domains. Nature
1990; 348: 552-4.

Figini, M, Marks, JD, Winter, G et al. In vitro assembly of
repertoires of antibody chains on the surface of phage by
renaturation. J Mol Biol 1994; 239: 68-78.

2. Jespers, LS, Roberts, A, Mahler, SM ef al. Guiding the selection of

human antibodies from phage display repertoires to a single epitope
of an antigen. Biotechnology (N Y) 1994; 12: 899-903.

24.

25.

27.

28.

29.

30.

34.

35.

36.

41.

44,

45.

Antibody Therapeutics, 2022 309

. Klimka, A, Matthey, B, Roovers, RC ef al. Human anti-CD30

recombinant antibodies by guided phage antibody selection using
cell panning. Br J Cancer 2000; 83: 252-60.

Figini, M, Obici, L, Mezzanzanica, D ef al. Panning phage antibody
libraries on cells: isolation of human Fab fragments against ovarian
carcinoma using guided selection. Cancer Res 1998; 58: 991-6.
Coney, LR, Mezzanzanica, D, Sanborn, D et al. Chimeric
murine-human antibodies directed against folate binding receptor
are efficient mediators of ovarian carcinoma cell killing. Cancer Res
1994; 54: 2448-55.

26. Almagro, JC, Fransson, J. Humanization of antibodies. Front Biosci

2008; 13: 1619-33.

Roguska, MA, Pedersen, JT, Keddy, CA et al. Humanization of
murine monoclonal antibodies through variable domain resurfacing.
Proc Natl Acad Sci U S A 1994; 91: 969-73.

Ab, O, Whiteman, KR, Bartle, LM et al. IMGNS853, a folate
receptor-a (FRa)-targeting antibody—drug conjugate, exhibits
potent targeted antitumor activity against FRa-expressing tumors.
Mol Cancer Ther 2015; 14: 1605-13.

Moore, KN, Oza, AM, Colombo, N et al. Phase III, randomized
trial of mirvetuximab soravtansine versus chemotherapy in patients
with platinum-resistant ovarian cancer: primary analysis of
FORWARD 1. Ann Oncol 2021; 32: 757-65.

Figini, M, Martin, F, Ferri, R ef al. Conversion of murine antibodies
to human antibodies and their optimization for ovarian cancer
therapy targeted to the folate receptor. Cancer Immunol Immunother
2009; 58: 531-46.

. Zacchetti, A, Martin, F, Luison, E et al. Antitumor effects of a

human dimeric antibody fragment 1311-AFRA-DFMS5.3 in a mouse
model for ovarian cancer. J Nucl Med 2011; 52: 1938-46.

. Satta, A, Mezzanzanica, D, Turatti, F ez al. Redirection of

T-cell effector functions for cancer therapy: bispecific antibodies
and chimeric antigen receptors. Future Oncol 2013; 9: 527-39.

33. Ferrini, S, Prigione, I, Miotti, S et al. Bispecific monoclonal

antibodies directed to CD16 and to a tumor-associated

antigen induce target-cell lysis by resting NK cells and

by a subset of NK clones. Int J Cancer 1991; 48: 227-33.

Mullard, A. FDA approves 100th monoclonal antibody product.
Nat Rev Drug Discov 2021; 20: 491-5.

de la Torre, BG, Albericio, F. The pharmaceutical industry in 2020.
An analysis of FDA drug approvals from the perspective of
molecules. Molecules 2021; 26: 627.

Chernajovsky, Y, Nissim, A. Therapeutic Antibodies. Berlin,
Heidelberg: Springer-Verlag, 2008

37. Nissim, A, Chernajovsky, Y. Historical development of monoclonal

antibody therapeutics. Handb Exp Pharmacol 2008; 181, 3—18.

. Ferraro, E, Drago, JZ, Modi, S. Implementing antibody-drug

conjugates (ADCs) in HER2-positive breast cancer: state of the art
and future directions. Breast Cancer Res 2021; 23: 84.

. CAR T Cells: Engineering Immune Cells to Treat Cancer-NCI.

https://www.cancer.gov/about-cancer/treatment/research/car-t-cells

(2013).

. Hayato, S, Hamuro, L, Nomoto, M et al. Dose optimization for

MORADB-202, an antibody-drug conjugate (ADC) highly selective
for folate receptor-alpha (FRw), using population pharmacokinetic
(PPK) and exposure-response (E-R) efficacy and safety analyses. J
Clin Oncol 2022; 40, 3090-3090.
https://doi.org/10.1200/JC0O.2022.40.16_suppl.3090.

Casalini, P, Luison, E, Ménard, S et al. Tumor pretargeting: role of
avidin/streptavidin on monoclonal antibody internalization. J Nucl
Med 1997; 38: 1378-81.

2. Melani, C, Figini, M, Nicosia, D et al. Targeting of interleukin 2 to

human ovarian carcinoma by fusion with a single-chain Fv of
antifolate receptor antibody. Cancer Res 1998; 58: 4146-54.

. Figini, M, Ferri, R, Mezzanzanica, D et al. Reversion of transformed

phenotype in ovarian cancer cells by intracellular expression of anti
folate receptor antibodies. Gene Ther 2003; 10: 1018-25.

Macor, P, Mezzanzanica, D, Cossetti, C et al. Complement activated
by chimeric anti—folate receptor antibodies is an efficient effector
system to control ovarian carcinoma. Cancer Res 2006; 66:

3876-83.

Matulonis, UA, Oaknin, A, Pignata, S ez al. Mirvetuximab
soravtansine (MIRV) in patients with platinum-resistant ovarian


https://www.cancer.gov/about-cancer/treatment/research/car-t-cells
https://doi.org/10.1200/JCO.2022.40.16_suppl.3090

310 Antibody Therapeutics, 2022

46.

47.

48.

49.

cancer with high folate receptor alpha (FRw) expression:
characterization of antitumor activity in the SORAYA study. JCO
2022; 40: 5512-2.

Quarta, A, Bernareggi, D, Benigni, F ef al. Targeting FR-expressing
cells in ovarian cancer with Fab-functionalized nanoparticles: a full
study to provide the proof of principle from in vitro to in vivo.
Nanoscale 2015; 7: 2336-51.

Ferrini, S, Prigione, I, Mammouti, S et al. Re-targeting of human
lymphocytes expressing the T-cell receptor gamma/delta to ovarian
carcinoma cells by the use of bispecific monoclonal antibodies. Int J
Cancer 1989; 44: 245-50.

Song, D-G, Ye, Q, Carpenito, C et al. In vivo persistence, tumor
localization and anti-tumor activity of CAR engineered T cells is
enhanced by costimulatory signaling through CD137 (4-1BB).
Cancer Res 2011;71: 4617-217.

Shah, P, Shlanksy-Goldberg, R, Martin, L ef al. First-in-human
phase i clinical trial evaluating intraperitoneal administration of mov

50.

51.

52.

19-bbz car t cells in patients with alpha folate receptor-expressing
recurrent high grade serous ovarian cancer. J Immunother Cancer
2021; 9, A461.

Song, D-G, Ye, Q, Poussin, M et al. CD27 costimulation augments
the survival and antitumor activity of redirected human T cells in
vivo. Blood 2012; 119: 696-706.

Song, D-G, Ye, Q, Poussin, M et al. Effective adoptive
immunotherapy of triple-negative breast cancer by folate
receptor-alpha redirected CAR T cells is influenced by surface
antigen expression level. J Hematol Oncol 2016; 9: 56.

Song, D-G, Ye, Q, Poussin, M et al. A fully human chimeric antigen
receptor with potent activity against cancer cells but reduced risk for
off-tumor toxicity. Oncotarget 2015; 6: 21533-46.

. Schutsky, K, Song, D-G, Lynn, R et al. Rigorous optimization and

validation of potent RNA CAR T cell therapy for the treatment of
common epithelial cancers expressing folate receptor. Oncotarget
2015; 6: 28911-28.



	 Role of antibody engineering in generation of derivatives starting from MOv19 MAb: 40 years of biological/therapeutic tools against folate receptor alfa
	INTRODUCTION 
	MAIN STEPS IN ANTIBODY ENGINEERING DEVELOPMENT
	DERIVATIVES OF MURINE MAB MOV19
	CHIMERIC, HUMANIZED, AND HUMAN DERIVATIVES OF MOV19
	PRECLINICAL AND CLINICAL DEVELOPMENT OF MOV19 DERIVATIVES FOR LYMPHOCYTE ACTIVATION
	DISCUSSION AND CONCLUSIONS 
	FUNDING STATEMENT
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS AND CONSENT STATEMENT
	ANIMAL RESEARCH STATEMENT


