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Abstract—Mouse monoclonal antibodies to Hsp90 (B isoform of heat shock protein 90) have been shown to
bind specifically to Hsp90f localized on the surface of tumor and nontransformed cells. After binding to the
membrane-associated Hsp90p, the antibodies actively dissociated into the culture medium and were also
internalized by the cells. An immunoconjugate based on the Hsp90B-specific antibody and the cytotoxic
agent mertansine did not have high cytotoxic activity for tumor cells in vitro. Administration of Hsp90B-spe-
cific antibodies in mice did not affect the growth of the primary Lewis lung carcinoma, while tumor metas-
tasis to the lungs decreased and the average lifespan of mice increased. The results indicate a certain thera-
peutic potential of antibodies to Hsp90p for the treatment of tumor diseases.
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INTRODUCTION

Heat shock protein 90 (Hsp90) is a chaperone pro-
tein that participates in folding of newly synthesized
proteins, assembly of multi-molecular complexes,
protein degradation, and prevents aggregation and
denaturation of proteins under various types of stress
[1]. More than 200 intracellular Hsp90 client proteins
have been identified that are involved in signal trans-
duction, intracellular signaling, transcription, regula-
tion of gene expression, etc. [2, 3]. There are two iso-
forms of Hsp90, namely Hsp90a (inducible form) and
Hsp90B (constitutive form). The homology level of
the two Hsp90 isoforms is 86%, while there are signif-
icant differences in their biochemical properties,
expression, and function [4].

In addition to performing intracellular functions,
Hsp90 was found outside the cell (extracellular
Hsp90, eHsp90) in free form in the extracellular space
and in the form of Hsp90 associated with the plasma
cell membrane [5—7]. EHsp90 plays an important role
in providing migration and invasion of normal and
tumor cells, as well as in the processes of metastasis of
tumor cells [5—15]. The membrane expression and
secretion of Hsp90 are significantly increased in
tumor cells in comparison with normal cells; the level

Abbreviations: Hsp90, heat shock protein 90; eHsp90, extracel-
lular Hsp90; DMEM, Dulbecco’s Modified Eagle Medium;
FBS, fetal bovine serum; ELISA, enzyme-linked immunosor-
bent assay; PBS, phosphate-buffered saline.
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of Hsp90 on the plasma membrane correlates with the
metastatic potential of cells [11, 16]. Surface-associ-
ated Hsp90 has been shown to be actively internalized
by tumor cells in vitro and in animals [17].

The important role of eHsp90 in providing inva-
sion and metastasis of tumor cells [5—15], as well as
the pronounced expression of Hsp90 on the mem-
brane of tumor cells [11, 16] make it a promising
molecular target for the development of antitumor
drugs. It has been shown that inhibition of eHsp90 by
specific antibodies, as well as by nonpenetrating low-
molecular-mass inhibitors of Hsp90, resulted in
reduced migration of tumor cells in vitro and inhibi-
tion of tumor metastasis in animals [6, 18—22]. It is
obvious that eHsp90 inhibitors, including Hsp90-spe-
cific antibodies, have a significant potential for creat-
ing anti-cancer drugs with anti-metastatic action on
their basis. In addition, since increased membrane
expression and internalization of eHsp90 is a phenom-
enon characteristic of tumor cells in vitro and in vivo
[11, 16, 17], eHsp90 can be considered as a tumor-spe-
cific target for immunotoxic drugs that selectively bind
to and affect tumor cells. The activity of Hsp90o-spe-
cific antibodies in inhibiting tumor metastasis in mice
has been demonstrated [20, 21]. The antitumor activ-
ity of antibodies directed to the Hsp90p isoform has
not yet been studied. As well, the potential of Hsp90-
specific antibodies for creating cytotoxic antitumor
drugs has not been studied. In this study, we have
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shown that immunotoxins based on Hsp90-specific
antibodies and mertansin (DM1) have weak cytotoxic
activity in vitro against tumor cells, which is probably
due to active dissociation of antibodies from the cell
surface and slow internalization of antibodies by cells.
Antitumor activity of Hsp90B-specific antibodies was
demonstrated in a model of mouse Lewis carcinoma
in terms of reducing tumor metastasis and increasing
the lifespan of mice with an implanted tumor.

MATERIALS AND METHODS
Materials and Reagents

Dulbecco’s Modified Eagle Medium (DMEM)
and fetal bovine serum (FBS) (GE Healthcare, United
States), solutions of versen and trypsin (Biolot LLC,
St. Petersburg, Russia), antibodies to mouse IgG
(Imtek, Moscow, Russia), and peroxidase conjugates
of antibodies against mouse IgG (Biorad, United
States) were used in the study. General purpose labo-
ratory plastic labware and plastic labware for cell cul-
ture were from Greiner and Corning (United States).
All other chemical reagents were purchased from
Sigma (United Stated).

Cell Lines

Cell lines of human HTI1080 fibrosarcoma and
human A-172 glioblastoma from the collection of cell
cultures of the Institute of Cytology RAS (St. Peters-
burg) were used. Baby hamster kidney cells (BHK-
21), green monkey kidney cells Vero, and Lewis carci-
noma cells (LLC) were obtained from the collection of
cell cultures of the ICB RAS (Pushchino, Moscow
oblast). The cells were grown in DM EM medium con-
taining 10% fetal bovine serum and antibiotics (40
units of penicillin, streptomycin, and gentamicin)
(DMEM-FBS).

Antibody Purification and Conjugation with DM 1

Mouse monoclonal antibodies to Hsp90 (clone
1D5/A7, materials are being prepared for publication)
and control antibodies against gB of Aujeszky’s dis-
ease virus (clone 34/2) obtained from the laboratory of
cell culture and cell engineering of the ICB RAS [23]
were purified from the ascitic fluid using ion-
exchange chromatography, as described earlier [24].
The purified 1D5/A7 and 34/2 antibodies were conju-
gated with the cytotoxic compound mertansine
(DM1) using the heterobifunctional agent Sulfo-
SMCC [25]. For experiments on cell cultures, prepa-
rations of purified antibodies and antibody conjugates
with mertansine were dialized against a large volume
of DMEM medium for two days (three changes of
DMEM medium) and sterilized by filtration through
Durapor filters (Millipore, United Stated) with a pore
diameter of 0.22 um.

ZHMURINA et al.

FEvaluation of Antibody Binding to the Cells, Their
Internalization by the Cells, and Dissociation
into the Culture Medium

To assess the binding of antibodies to cells, the cells
were grown to a monolayer state, washed with a cold
phosphate-buffered saline (PBS) containing sodium
azide (PBS—NaN;), and incubated with antibodies
(1D5/A7 or 34/2) at a concentration of 5 ug/mL
for 1 h at 4°C. After incubation, the cells were thor-
oughly washed with cold PBS—NaNj;, lysed in 0.5%
Triton X-100 solution, and the antibody content in the
lysates was determined using the enzyme-linked
immunosorbent assay (ELISA), as described below.
To assess the dissociation of antibodies bound to the
cell surface, the cells were treated with antibodies
(5 ug/mL) in a DMEM medium at 4°C for 1 h. After
thorough washing with cold medium, DMEM-FBS
culture medium was added to the cells and incubated
at 4 or 37°C for 2 h, followed by an assessment of the
antibody content in the culture medium (dissociated
antibodies) and in cell lysates (cell-associated anti-
bodies) using ELISA. To assess the internalization of
antibodies by cells, the cells were incubated for 4 h at
37°C in the presence of antibodies in the culture
medium (5 pg/mL), washed, and the amount of cell-
associated antibodies was determined using ELISA.
To determine the amount of cell-internalized antibod-
ies, the membrane-associated antibodies were
removed by treatment with a 0.1 M sodium citrate
solution (pH 3.0) for 2 min at room temperature, fol-
lowed by analysis of intracellular antibodies using
ELISA.

Determination of 1D5/A7 Antibody Content in Cell
Lysates and Culture Medium

To determine the content of 1D5/A7 antibodies in
cell lysates and culture medium, 96-well microplates
were sensitized with affinity-purified goat antibodies
against mouse IgG (Imtek) and nonspecific sorption
was blocked with PBS containing 0.1% Tween-20 and
5% bovine serum (PBS-T-BS). The studied cell lysates
and culture medium were titrated in PBS-T-BS and
incubated in the wells for 1 h at 37°C. A purified
1D5/A7 antibody preparation with a known concen-
tration was used to construct a calibration graph. After
washing, mouse peroxidase conjugate against IgG
adsorbed by human immunoglobulins was added to
the wells and the plates were incubated for 1 h at 37°C.
The wells were washed, the reaction was developed
using ortho-phenylenediamine, the optical density at
490 nm (OD,y,) was measured, and the concentration
of antibodies in the samples was calculated.
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Determination of the Cytotoxicity of Antibody Conjugates
with DM 1

Sterile dialyzed preparations of 1D5/A7 and 34/2
antibody immunoconjugates with DM 1 were diluted
to the required concentrations in DMEM-FBS
medium. The cytotoxicity of antibody preparations
and immunotoxic conjugates was determined on A-
172, HT1080, BHK-21, and Vero cells using the MTT
method as described earlier [26]. /Cs, was calculated
as the minimum concentration of the immunoconju-
gate causing the death of 50% of cells in 72 h.

Determination of the Antitumor Activity of 1D5/A7
Antibody Preparations in Animals

A suspension of the LLC cells grown in vitro was
centrifuged, diluted in DMEM to a concentration of
1 x 107 cells/mL, and implanted to syngeneic mice of
the C57BL/6 line (6 to 8 weeks, females weighing 18—
20 g). The C57BL/6 mice obtained from the animal
Nursery of the IBCh RAS (Pushchino, Moscow
oblast) were used. The tumor cells were implanted in a
volume of 100 puL (1 x 10 cells/mouse) subcutane-
ously in the lateral area of the animal. Sterile antibod-
ies dialyzed against PBS were administered intraperi-
toneally for 11 days, starting from the first day after
implanting tumor cells. The following antibody doses
were used: first injection was 2 mg/mouse and subse-
quent injections were 1 mg/mouse. The control group
of experimental animals was injected with control
34/2 antibodies according to the same scheme. The
experimental and control groups consisted of 15 mice
when metastasis was evaluated and of 20 mice when
the lifespan of mice and the size of the primary tumor
were evaluated. Measurements of the length (D) and
width (W) of the tumor were performed using a
caliper every day, starting from the ninth day. The vol-
ume of the tumor was calculated using the formula:
V= (1/2) x D x W2, The effect of antibodies on the
average lifespan of animals was determined in the
same experiments. In the experiments to assess metas-
tasis, the animals were killed by cervical dislocation on
the 2Ist day of carcinoma growth, the lungs were
removed, and the number of colored metastases on the
lung surface was determined.

Statistical Processing

Each experiment was performed at least three
times. Each point represents the arithmetic mean of
the repeats * standard deviation. Statistical processing
of the results was performed using the student’s t-test.

RESULTS

Monoclonal mouse 1D5/A7 antibodies directed to
the Hsp90B-isoform obtained at the ICB RAS were
studied (materials are being prepared for publication).
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Fig. 1. Assessment of binding of Hsp90B-specific 1D5/A7
antibody to cells. Binding of 1D5/A7 antibodies to the
A-172 cells was taken as 100%; 34/2 is a negative antibody.

Quantitative assessment of the binding of the 1D5/A7
antibody to the cell surface was performed using
ELISA, which determines the content of antibodies in
the samples. Under conditions where the process of
antibody internalization by the cells was blocked at
4°C, 1D5/A7 antibodies effectively and specifically
bound to the cells of the A-172 and HT1080 tumor
lines, as well as to the cells of untransformed BHK-21
and Vero lines (Fig. 1).

To assess internalization of antibodies by the cells
in the continuous presence of antibody in the
medium, the cells were incubated with antibodies in
DMEM-FBS medium at 37°C for 4 h, after which the
amount of antibodies associated with the cells and
internalized antibodies was evaluated (treatment of
the cells with acidic buffer solution resulted in the
removal antibodies from the cell surface; this proce-
dure enabled us to differentiate membrane-associated
and internalized antibodies). The results are shown in
Fig. 2. Under the conditions of the constant presence
of antibodies in the medium, 1D5/A7 antibodies were
internalized by the A-172 and HT 1080 tumor cells and
the internalization of the antibody by the BHK-21 and
Vero nontumor cells was less by two—four times in
comparison with the tumor cells. It should be noted
that the negative 34/2 antibody was also effectively
internalized by the cells: the level of internalization of
the negative antibody was only one and a half times
lower compared to the 1D5/A7 antibodies.

To evaluate dissociation of membrane-associated
1D5/A7 antibodies into the culture medium, the cells
were incubated with antibodies at 4°C for 1 h under
conditions when endocytosis/pinocytosis processes
were blocked. The cells were washed with a medium
and incubated without antibodies at 4°C or 37°C for
2 h, and the amounts of cell-associated antibodies and
antibodies dissociated in the medium from the cell
surface were evaluated. A significant fraction of the
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Fig. 2. Evaluation of the internalization of 1D5/A7 anti-
bodies by cells under conditions of constant presence of
antibodies in the culture medium. The total amount of
1D5/A7 antibodies (membrane-associated and internal-
ized antibodies) in HT 1080 cells was taken as 100%.

antibodies associated with Hsp90p (more than 80%)
dissociated from the cell surface and passed into the
medium during their incubation for 2 h at 37°C
(Fig. 3). Dissociation of antibodies (antibody-Hsp90f3
complexes) into the medium during incubation at 4°C
was also observed, although to a lesser extent (Fig. 3).

The ability of Hsp90B-specific 1D5/A7 antibodies
to create immunotoxins was evaluated. The antibodies
were conjugated with the widely used toxic agent mer-
tansine (DM1). The spectra of the obtained 1D5A7
conjugate are shown in Fig. 4. The presence of an
additional absorption peak at 250 nm in the spectrum
of conjugates indicated that DM1 was attached to the
antibody.

The obtained 1D5/A7-DMI1 immunoconjugate
interacted with native bovine Hsp90 in ELISA, which
indicated that the activity of antibodies in the immu-
noconjugate was preserved. The 1D5/A7-DM1 con-
jugate was toxic to the cells, while the concentration
that caused 50% cell death (/Cs,) for the A-172
and HT1080 tumor cell lines was quite high and was
1—4 u/mL (Fig. 5). The ICj for the control 34/2 anti-
body immunoconjugate was comparable to the
1D5/A7 antibody immunoconjugate, which was con-
sistent with the data on the comparable effectiveness
of internalization of 1D5/A7 antibody and the control
34/2 antibody. The cytotoxicity of 1D5/A7-DMI
immunoconjugate for tumor cells was two to five times
higher than for cells of nontransformed lines; the
death of HT1080 and A-172 tumor cells was observed
at lower concentrations of immunoconjugates than for
BHK-21 and Vero cells (Fig. 5).

In general, the data obtained indicated the low
effectiveness of immunotoxins based on the Hsp90f3-
specific 1D5/A7 antibody. Based on the results, we
considered it impractical to conduct experiments on
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Fig. 3. Evaluation of the dissociation of 1D5/A7 antibodies
bound to the cell surface into the culture medium. The
antibodies were incubated with the cells for 1 h at 4°C.
After thorough washing, the cells were incubated in the
medium for 2 h at 4°C or 37°C. The number of cell-asso-
ciated (Ka-1D5/A7) and dissociated from the cell surface
(D-1D5/A7) antibodies was evaluated.

animals to assess the activity of the immunotoxin
1D5/A7-DM1, since the need to maintain high con-
centrations of the conjugate inevitably leads to a high
overall toxicity of the drug to animals.

Binding of antibodies to tumor cells can trigger
innate immune effector mechanisms [27—30] that
lead to elimination or inhibition of tumor cell develop-
ment. With this in mind, we evaluated the effect of the
1D5/A7 antibody on primary tumor growth, metasta-
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Fig. 4. Evaluation of mertansine coupling to the 1D5/A7
monoclonal antibody.
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Fig. 5. The cytotoxicity of 1D5/A7-DM1 immunoconju-
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sis, and mouse survival on a model of Lewis metastatic
lung carcinoma. The administration of the 1D5/A7
antibody to animals did not affect the development of
the primary tumor, but it reduced the metastasis of the
tumor in the lungs by about half and increased the
average lifespan of animals after the tumor implanta-
tion by 16% (Fig. 6).

DISCUSSION

Hsp90 is expressed on the membrane of tumor cells
and plays an important role in the invasion and metas-
tasis of tumor cells [8—13, 16]. Inhibition of eHsp90
using Hsp90o-specific antibodies resulted in slowing
the migration of tumor cells in vitro and reducing
tumor metastasis in animals [19—21], which indicated
the potential of Hsp90-specific antibodies as anti-
tumor drugs with anti-metastatic action. In this study,
we investigated the antitumor potential of Hsp90f3-
specific antibodies (clone 1D5/A7) obtained at the
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Fig. 6. The effect of 1D5/A7 antibody administration in mice with implanted Lewis carcinoma on primary tumor growth (a), lung

metastasis (b), and animal survival (c); *, p < 0.05.
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ICB RAS. The antitumor activity of 1D5/A7 was eval-
uated both in the form of a purified antibody and in
the form of an immunotoxin.

The cytotoxic effect of immunotoxins is based on
their specific binding to the cell surface and internal-
ization by cells, which leads to the release of cytotoxin
inside the cell and its death. We found that the
1D5/A7 antibody specifically bound to A-172 and
HT1080 tumor cells, as well as to the untransformed
BHK-21 and Vero cells; the antibody was internalized
by the cells. At the same time, the effectiveness of anti-
body internalization by the tumor A-172 and HT 1080
cells was two to four times higher in comparison with
the untransformed BHK-21 and Vero cells. It should
be noted that the internalization of the control 34/2
antibodies that do not bind to cells was comparable to
Hsp90B-specific 1D5/A7 antibodies. This suggested
that the receptor-dependent internalization of anti-
body—Hsp90B complexes by cells was slow and
slightly prevailed over the nonspecific capture of anti-
bodies by cells via pinocytosis. Previously, it was also
demonstrated that Hsp90o--specific 4C5 antibodies
were practically not internalized by cells after binding
to the surface Hsp90 [21], which is consistent with our
data. On the other hand, surface-associated Hsp90 is
known to be actively internalized by tumor cells [17]. It
is possible that binding of the antibody to surface-
associated Hsp90 slows down its internalization. We
found that, in addition to the slow internalization of
Hsp90B-specific antibodies after their binding to the
membrane-associated Hsp90P, a significant part of
the antibodies quickly dissociated from the cell surface
into the culture medium; the rate of dissociation of
antibodies significantly exceeded the rate of their
internalization by the cells.

To assess the possibility of using the 1D5/A7 anti-
body to create immunotoxins, the antibodies were
conjugated with the known toxic agent mertansine
(DM1). Mertansine interacts with tubulin at the site of
rhizoxin binding; it thus inhibits microtubule assem-
bly, which leads to degradation of the latter and mito-
sis disruption [31]. We showed that the obtained
1D5/A7—DMI1 conjugate had low toxicity to tumor
cells: ICy, for the A-172 and HT1080 cell lines was of
1—4 ug/mL. At the same time, /Cs, for the control
34/2 antibody immunoconjugate and the 1D5/A7
antibody immunoconjugate were comparable; this was
consistent with the data on the comparable internal-
ization efficiency of the 1D5/A7 antibody and the
control 34/2 antibody. In general, the data indicated a
low efficiency of immunotoxins based on Hsp90p3-
specific 1D5/A7 antibody: to achieve a cytotoxic
effect, high concentrations of immunoconjugates are
required, which is probably due to active dissociation
of antibody complexes with Hsp90f from the cell sur-
face and insufficiently high rate of internalization of
antibodies bound to membrane-associated Hsp90p.
Taking this into account, we did not study 1D5/A7-
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DM 1 immunoconjugate with animals, since high con-
centrations of 1D5/A7-DM1 immunoconjugate will
inevitably lead to high toxicity of the drug when
administered to animals.

It is known that binding of antibodies to proteins
expressed on the surface of tumor cells can trigger
innate immune effector mechanisms [27—30]. Class G
antibodies can activate antibody-dependent cellular
cytotoxicity by binding immune effector cells (NK
cells, etc.) via Fc-gamma receptors located on the sur-
face of effector cells to the Fc fragment of tumor-spe-
cific antibodies; after binding, the effector cells cause
lysis of tumor cells using various mechanisms [32].
Cell-associated antibodies are also able to activate the
classical complement activation pathway by binding
the complement protein complex to the Fc fragment
of the antibody; the formation of such a complex ulti-
mately leads to cell lysis and phagocytosis [33, 34].
With this in mind, we evaluated the antitumor activity
of the Hsp90B-specific antibody 1D5/A7 on a model
of Lewis carcinoma, a relatively rapid mouse tumor
that produces pronounced metastases to the lungs of
animals [35]. The 1D5/A7 antibody did not affect the
development of the primary tumor when repeatedly
administered to mice, which was consistent with data
obtained with other extracellular Hsp90 inhibitors [6,
18—22]. On the other hand, administration of the
Hsp90B-specific antibody to mice reduced tumor
metastasis to the lungs and increased the average lifes-
pan of the animals. It was shown previously that anti-
bodies to the Hsp90a isoform significantly inhibited
tumor metastasis in mice [20, 21], which is consistent
with our data. The inhibitory effect of Hsp90B-spe-
cific 1D5/A7 antibody is most likely associated with
inhibition of migration and invasion of tumor cells,
which leads to a decrease in cell metastasis. Further
studies of the antimetastatic activity of Hsp90a and
Hsp90B-specific antibodies in various animal and
human tumor models are needed.

CONCLUSIONS

1D5/A7 monoclonal antibodies directed to the
heat shock protein Hsp90B effectively bound to
Hsp90p associated with the cell surface of tumor and
nontransformed cultures. The antibodies bound to the
cells actively dissociated into the culture medium and
were internalized by the cells. The conjugate based on
the Hsp90B-specific antibody and the cytotoxic agent
mertansine did not have a high level of cytotoxic activ-
ity. Repeated administration of the 1D5/A7 antibody
in C57BL/6 mice with an implanted Lewis carcinoma
did not slow the growth of the primary tumor, while
the metastasis of tumor cells to the lungs decreased
and the average lifespan of the mice increased. The
results indicate the therapeutic potential of Hsp90p-
specific antibodies for the treatment of tumor diseases.
BIOPHYSICS  Vol. 65
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