
Introduction

Classical cancer chemotherapy is limited by the lack
of adequate selectivity for neoplastic over normal tissue.
The majority of currently available cytostatic drugs exhib-
it limited efficacy, modest selectivity and considerable tox-
icity against normal intensively proliferating cells, which
results in unwanted side effects. Among the most dan-
gerous complications and limiting factors of antitumor
therapy that prevent the use of the most effective cyto-
toxic substances in very high doses is a significant
increase in the patient�s sensitivity to bacterial and viral
infections, i.e., immunosuppression.

The dilemma, i.e., the search for more effective cyto-
toxic drugs with weak general cytotoxic effects, could be
solved by finding a targeting system which would ensure
that the drug will reach and act only on the pathological
process itself. The selectivity of treatment may be
accomplished by the preferential action of a particular
drug or by preferential localization, i.e., targeting of a drug
that acts nonspecifically. Such a new approach is called
affinity therapy. The aim of affinity therapy is to accumu-
late the effective drug in the target tissue and eliminate,
or at least minimize, its effect on healthy tissues and
organs (1, 2).

Affinity therapy is being studied mainly for possible
use in the therapy of cancer, but it may also be applied in
other clinical situations. For instance, immunosuppres-
sive drugs used for the treatment of severe autoimmune
diseases, currently the most challenging scientific and
clinical area in the field of immunology, or in transplanta-
tion, also exert nonspecific toxicity and can cause dam-
age to healthy tissues (3, 4). 

The first targeted drugs were immunotoxins where the
toxin moiety, such as the α-chain of ricin, abrin or diph-
theria toxin, was bound directly to targeting monoclonal
antibodies (5-9) to promote the delivery of the cytotoxic
agent specifically to a particular tumor. Several practical
difficulties must be overcome for this technique to be suc-
cessful. First, covalent coupling of the biologically active
molecule to an antitumor antibody should be accom-
plished without loss of its toxicity or antibody specificity.
Second, a sufficient amount of antibody must reach an
appropriate tumor target before it is cleared from the
blood by Fc receptor-bearing phagocytic cells. Third, an
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Abstract

Conjugates based on N-(2-hydroxypropyl)methacryl-
amide (HPMA) represent a new generation of polymeric
anticancer drugs with improved therapeutic potential and
considerably decreased nonspecific side effects.
Antibody-targeted derivatives show specific active target-
ing and nonspecific passive accumulation in solid tumors
due to the enhanced permeability and retention (EPR)
effect, decreased immunogenicity of conjugated proteins,
long-term circulation in the bloodstream, partial activity
towards multidrug-resistant (MDR) cells, and immunopro-
tective and immunomobilizing activities in vivo.
Conjugates of HPMA and doxorubicin containing intra-
venous human immunoglobulin (IVIg) were used as a pal-
liative treatment in patients with advanced cancer.
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(16-39), carbohydrates (19, 23, 40-48), lectins (23, 49,
50), hormones (51) and oligopeptides (52), are conjugat-
ed by a well-defined chemical bond to the variable
oligopeptide side-chains of an HPMA carrier, mostly Gly-
Phe-Leu-Gly (53) (Fig. 1). The composition of the oligo-
peptide side-chains ensures the stability and inactivity of
the prodrug during transport in the bloodstream, and its
activation only after cell internalization by the action of
thiol-dependent lysosomal proteases, which release the
drug from its polymeric carrier (54, 55). In this way,
enhanced antitumor activity is combined with decreased
peripheral toxicity, leading to a substantial increase in the
therapeutic index (47). 

Experimental and clinical data obtained so far demon-
strate the following advantages of HPMA copolymer-
based macromolecular therapeutics: 1) targetability; 2) an
enhanced accumulation in solid tumors due to the
enhanced permeability and retention (EPR) effect; 3)
decreased immunogenicity of conjugated proteins; 4)
increased efficacy compared to free drug; 5) cytostatic
activity in vitro and in vivo; 6) long-term circulation in the
bloodstream; 7) reduced myelotoxicity, hepatotoxicity,
cardiotoxicity, nephrotoxicity and toxicity to thymus; 8)
increased maximum tolerated dose; 9) activity towards
multidrug-resistant (MDR) cells; and 10) immunoprotec-
tive and immunomobilizing activities in vivo. These
advantages are thought to be a consequence of changes
in specific cell binding and uptake, intracellular process-
ing, pharmacokinetics, biodistribution and bioavailability.

immune response against the toxin and the targeting
antibody must be prevented. The second-generation
immunotoxins, which have greatly improved stability,
have been demonstrated to be effective not only in vitro
but also in vivo in animal models and in patients.
However, hepatotoxicity, vascular leak syndrome and the
appearance of HAMA (human anti-mouse antibodies)
directed against targeting monoclonal antibodies are
common problems with immunotoxin therapy. Because of
these practical difficulties, clinical trials of immunotoxins
have had variable and modest success (10, 11).

The direct binding of a drug to monoclonal antibodies
has a number of disadvantages. Foremost, the drug is not
released from such a complex in a controlled manner.
Controlled release means that the drug is inactive during
transport in body fluids and is activated only at the site of
the pathological process. To find a generally applicable
delivery system which could be used in most cases where
affinity therapy is indicated, a carrier has to be used
(either natural or synthetic) as a bridge between the drug
and the targeting moiety, which can be changed accord-
ing to the nature of the pathological process. Synthetic
polymers are advantageously used as drug carriers,
since in contrast to natural macromolecules, they can be
modified in a defined way. 

In recent years, water-soluble synthetic polymers
based on an N-(2-hydroxypropyl)methacrylamide copoly-
mer (HPMA) backbone have been recognized as useful
carriers in targeted drug delivery (12-15). Both the anti-
cancer agent and the targeting moiety, e.g., antibodies
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Fig. 1. Chemical structure of antibody-targeted HPMA copolymer�doxorubicin conjugate containing tetrapeptide (Gly-Phe-Leu-Gly) side-
chains.



olytic degradation of antibody bound to HPMA copolymer
compared to parent antibody (47) may interfere with nor-
mal pathways of intracellular protein degradation neces-
sary for antigen processing and presentation, resulting in
decreased immune response. Antigen processing is the
conversion of native proteins into major histocompatibility
class (MHC)-associated peptides. This process consists
of the introduction of protein antigens into antigen-pre-
senting cells (APCs), proteolytic degradation of these pro-
teins into peptides, binding of the peptides to MHC mole-
cules, and the display of the peptide�MHC complexes on
the APC surface for recognition by T-cells. Antigen-pro-
cessing pathways in APCs utilize basic cellular proteolyt-
ic mechanisms.

Passive accumulation and active targeting

Macromolecular prodrugs can be accumulated in
solid tumors either by active targeting involving cell-sur-
face receptors on target tumor cells, or by passive accu-
mulation due to the EPR effect first described by Maeda
et al. (65-67). It is supposed that the EPR effect is a con-
sequence of an increased vasopermeability of solid
tumors. The vasculature of tumor endothelium is often
discontinuous and allows extravasation and accumulation
of macromolecules in solid tumor tissue, which usually
does not have an effective lymphatic drainage. Conse-
quently, the clearance of tumor-accumulated macromole-
cules larger than 50 kDa is strictly limited (68).

HPMA copolymers are, under physiological condi-
tions, uncharged and easily deformable since they lack
any rigid tertiary structure. Both of these properties are
known to enhance extravasation, as uncharged and flex-
ible molecules easily pass through an endothelial layer
(69). As a result of the EPR effect, even nontargeted poly-
meric conjugates based on HPMA show elevated thera-
peutic potential in vivo in a variety of experimental tumors
(66, 70-72), and also in certain human tumors (73).

Essential in active drug delivery is the selection of
appropriate cell-surface receptors for targeting. An ideal
targeted drug conjugate should be both cytotoxic and
selective in its action. Until now, a variety of ligands, such
as asialoglycoproteins, transferrin, hormones, different
growth factors, lectins, folic acid and carbohydrates, have
been used as targeting moieties. Antibodies, both mono-
clonal and even polyclonal, are very efficient as they are
able to distinguish specific antigenic determinants (epi-
topes) of the target tissue and react exclusively with
them. Monoclonal antibodies are potentially the most
selective and widely applicable of tumoritropic molecules.
However, as free molecules, they have restricted extrava-
sation, are immunogenic, susceptible to degradation by
proteolytic enzymes and have a rather limited drug-carry-
ing capacity. In theory, HPMA copolymer�antibody conju-
gates have advantages over the use of free antibodies in
each of these four areas (14).

The effectiveness and selectivity of the antibody-tar-
geted conjugates depend on the affinity and character of

Immunogenicity of HPMA copolymers

Prior to any application of polymeric prodrugs in med-
icine, their immunogenicity must be determined with the
aim of finding conjugates inducing the least possible
defense reaction in the host organism. Immunogenicity is
already known to be a problem associated with the appli-
cation of murine antibodies in the clinic, for diagnostic
purposes, radiotherapy or in the form of antibody conju-
gates for chemotherapy. The human immune system rec-
ognizes the rodent antibody as foreign and mounts an
HAMA response, resulting in patient antibodies against
the rodent monoclonal. An HAMA response and response
against the toxin moiety develop in about 50% of patients
after a single dose and in about 90% after a second treat-
ment. Subsequent doses of antibody are then removed
from the circulation before they can reach the disease tar-
get (56). Individuals with a functional immune system
make anti-immunoglobulin antibodies even when human-
ized antibodies are used. Circulating anti-conjugate anti-
bodies can inhibit the efficacy of antibody-targeted drugs
by increasing their rate of clearance and/or by blocking
the binding site on the targeting antibody.

There is no measurable antibody response to an
HPMA homopolymer, i.e., a polymer without the oligopep-
tide side-chains attached. The modification of the
homopolymer with oligopeptidic side-chains results in a
very weak, thymus-independent, IgM-restricted antibody
response which is influenced by many factors, including
the copolymer molar mass, dose and composition of
oligopeptidic side-chains, and by the genetic background
of the conjugate recipient (57-59). Only a very high con-
centration (20 g/l) of the homopolymer and copolymers
differing in oligopeptidic side-chains activates comple-
ment pathways in vitro. Lower concentrations (2 or 0.2
g/l) do not activate either the classical or the alternative
complement pathway (60). High-dose and chronic treat-
ment of mice with an HPMA copolymer (total injected
dose 2 g/kg during 2 months) did not disturb the phago-
cytic activity of peripheral blood leukocytes, did not dam-
age the bone marrow stem cells, did not activate alterna-
tive or classical complement pathways, and did not
influence the antibody-forming capacity of the injected
mice to thymus-dependent and thymus-independent anti-
gens (61).

HPMA copolymers not only fail to induce a significant
immune response against themseleves, but they also
have the capacity to dramatically reduce the antibody
response against proteins, including immunoglobulins,
bound to them as a targeting moiety (16, 26, 31, 62, 63;
see also last section), permitting the use of multiple-dose
protocols. The mechanism of reduction of protein im-
munogenicity after binding to HPMA copolymers is not
known. The nonimmunogenic HPMA copolymer might
simply mask the antigenic determinants of the targeting
protein by sterically hindering their accessibility, a mech-
anism ascribed to polyethylene glycol (PEG) reduction of
protein immunogenicity following conjugation (64).
Alternatively, the up to 50% decrease observed in prote-
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cytes (Thy 1.2 antigen or CD3 antigen). The results
showed that the IC50 for lymphocytes stimulated with
Con A (T-lymphocytes) and treated with anti-CD3- or anti-
Thy 1.2-targeted HPMA-bound daunorubicin/doxorubicin
was 2.26-5.3 µM, while the IC50 for lymphocytes stimulat-
ed with SpA (B-lymphocytes) was 520-890 µM. This
demonstrated the high specificity of targeting, as prolifer-
ation of nontarget B-lymphocytes was inhibited only if
they were cultivated in the presence of a very high con-
centration of an antibody-targeted polymer-bound cyto-
toxic drug. This nonspecific effect of anti-CD3- or anti-Thy
1.2-targeted drug on B-cells could be explained either by
nonspecific fluid-phase pinocytosis of the antibody-target-
ed conjugate or by its binding to the Fc receptor on B-lym-
phocytes. If antibodies are bound to HPMA by aminolysis,
the Fc part of the antibodies is not specifically blocked by
binding to a polymeric carrier and B-cells may internalize
conjugates by receptor-mediated endocytosis via their Fc
receptor (75).

The specificity of targeting was tested also in vivo on
the antibody response of immunodeprived athymic nu/nu
BALB/c mice (a strain of mice that lack T-lymphocytes)
and on the antibody response of normal BALB/c mice.
Both strains were immunized with thymus-dependent
(arsanilic acid-bovine gamma globulin, ARS-BGG) or thy-
mus-independent (trinitrophenyl-Escherichia coli, TNP-E.
coli) antigen. Theoretically, treatment with a cytotoxic
drug targeted to the T-cell compartment should eliminate
the T-cell help for B-cell activation and this should result
in an impairment of the thymus-dependent response,
while not affecting the thymus-independent response.
The results have shown that a polymeric prodrug com-
posed of anti-Thy 1.2-targeted HPMA copolymer-bound
daunorubicin affects only the thymus-dependent antibody
reaction in vivo. This proves the in vivo specificity of anti-
body-targeted drug application (75).

Another model used for the evaluation of specific
active targeting was murine B-cell leukemia BCL1 cells
treated with HPMA copolymer-bound doxorubicin target-
ed with strictly leukemia cell-specific B1 monoclonal anti-
bodies. FACS (fluorescence-activated cell sorter) analy-
sis showed that both free B1 MAb and a B1 antibody-
targeted HPMA conjugate bound with high affinity to BCL1
cells, while no binding was observed to nonrelated mouse
B-cell lymphoma 38C13 cells, used as negative control.
Similarly, conjugate containing human nonspecific Ig
instead of B1 monoclonals did not bind to BCL1 cells (76).
Nontargeted HPMA copolymer-bound doxorubicin exhib-
ited an IC50 close to 1.5 µM doxorubicin equivalents. In
contrast, HPMA copolymer-bound doxorubicin targeted
with B1 MAb had an IC50 of about 35 nM. The conjugate
containing human nonspecific IgG had an IC50 compara-
ble to a nontargeted conjugate (76).

During experimentation with immunotoxins and
HPMA copolymer carrier-bound drugs, a direct correlation
was not consistently found between the ability of conju-
gates to bind to the target cell surface and their cytotoxi-
city (38, 77), nor did the rate of endocytosis always pre-
dict the efficacy of the immunoconjugates (78, 79). Thus,

the antibodies (polyclonal or monoclonal), their class (IgG
or IgM) or subclass (IgG1, IgG2 or IgG3), specificity and
affinity. Not only targeting antibodies, but also the number
and particular target epitopes of cell-surface receptors, as
well as the rate of complex internalization, determine the
final pharmacological activity of a conjugate (74). A non-
specific interaction of antibody-targeted conjugates
includes cross-reactivity of the antibodies towards similar
antigens on nontarget cells, absorption of conjugates due
to interactions between hydrophobic cytotoxic agents and
the cellular plasma membrane, and nonspecific endocy-
tosis by fluid-phase uptake of the conjugate, which is pro-
portional to its extracellular concentration. The intensity of
such nonspecific binding depends again on the affinity
and specificity of the antibodies used, on the composition
of the cell surface, on the density and uniqueness of the
cell-surface target molecule, on anatomical barriers, local
concentration of the targeted drug and on the rate of non-
specific endocytosis. It was observed that following satu-
ration of specific binding sites, a nonapeptide-targeted
HPMA copolymer nonspecifically adsorbed to the cell sur-
face. The amount of nonspecific binding was proportional
to the concentration of the conjugate, but considerably
lower than the specific binding (52). Thus, affinity therapy
with antibody-targeted polymeric conjugates should ideal-
ly be based on a high selectivity and affinity of the anti-
bodies for the target antigen and on a low nonspecific
binding to normal cells and organs.

Another problem to be solved in antibody-targeted
drug delivery is the outgrowth of �antigen loss variants� of
the tumor cells that are common in rapidly growing
tumors. Given the high mitotic rate of tumor cells and their
genetic instability, mutations or deletions in genes encod-
ing tumor antigens are common. If these antigens are not
required for the growth of the tumors, the antigen-nega-
tive tumor cells have a growth advantage in the host. It
was shown that the loss of antigens correlates with
increased cancer growth and metastatic potential.
Nonuniform expression of antigens on the surface of
cancer cells is a phenomenon rather common to cancer
cell populations and does not necessarily mean that
tumor-targeted therapy will not work. One way to avoid
this problem may be to use a mixture of targeting moieties
recognizing different antigens/receptors expressed on the
same tumor. 

The specificity of the pharmacological effect of free
and antibody-targeted HPMA copolymer-bound drug was
tested in vitro and in vivo. Primary cultures of mouse
splenocytes and human peripheral blood lymphocytes
were stimulated in vitro with concanavalin A (Con A) or
SpA (Staphylococcus aureus Cowan I protein). Con A is
a T-cell mitogen with specificity for the T-cell receptor and
which induces proliferation of T-lymphocytes only. These
cells are the target for an anti-Thy 1.2-targeted HPMA
copolymer containing daunorubicin (mouse model) or an
anti-CD3-targeted HPMA copolymer containing doxoru-
bicin (human model). SpA stimulates B-lymphocytes
through their Ig receptor (BCR). B-cells are not a target in
affinity therapy directed to surface receptors of T-lympho-
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The effect of oligopeptidic side-chains was demonstrable
only in T-cells exposed to a nontargeted HPMA copoly-
mer-bound drug. The difference is probably due to the
more strongly hydrophobic character of the Gly-Phe-Leu-
Gly side-chains, which contributes to the increase in cell-
surface binding and internalization of the nontargeted
HPMA copolymer-bound drug in T-cells (85). Similarly,
Duncan (86) found a higher uptake into the yolk sac tis-
sue of HPMA copolymers containing higher amounts of
hydrophobic comonomers.

[3H]-Thymidine incorporation was measured as a
marker of cytotoxicity in vitro. Generally, the binding of
daunorubicin to the copolymer carrier always reduced its
pharmacological activity. Free daunorubicin induced a
50% inhibition of [3H]-thymidine incorporation by mouse
T-lymphocytes at the lowest concentration of 0.1 mg/l.
Five times more daunorubicin bound to a biodegradable
HPMA copolymer with targeting anti-Thy 1.2 antibodies
and 500 times more daunorubicin bound to a nontarget-
ed biodegradable HPMA copolymer was necessary to
achieve the same result (87). Inhibition of Con A-stimu-
lated proliferation of T-lymphocytes was always greater
compared to cultures of spontaneously proliferating
T-cells and directly proportional to the intracellular accu-
mulation of the conjugate. Anti-Thy 1.2-targeted HPMA
copolymer-bound doxorubicin reduced the proliferation of
unstimulated T-cells with an IC50 of 10 µg/ml, while prolif-
eration of Con A-activated T-cells was reduced  with an
IC50 of 0.1 µg/ml, i.e., at a 100-fold lower concentration.
Similarly, anti-CD4-targeted HPMA copolymer-bound
doxorubicin was effective in unstimulated T-cell cultures
with an IC50 of 10 µg/ml and in Con A-stimulated T-cells
with an IC50 of 1 µg/ml. The values for anti-MHC class
II-targeted and anti-CD25-targeted HPMA copolymer-
bound doxorubicin were 100 and 10 µg/ml, respectively.
The nontargeted HPMA copolymer-bound doxorubicin
was effective only at a concentration > 100 µg/ml and no
substantial difference between unstimulated and stimu-
lated T-cells was seen. The effect of unconjugated dox-
orubicin on mitogen-stimulated cell cultures was also con-
siderably greater than in unstimulated cultures, confirm-
ing the higher sensitivity of rapidly proliferating cells to the
toxic action of the cytostatic drug (84).

These results showed that the targets of the inhibitory
effect of antibody-targeted HPMA-bound doxorubicin are
predominantly rapidly proliferating cells, which are gener-
ally more susceptible to cytotoxic agents. Inhibitory effi-
cacy is also positively influenced by a surface target anti-
gen density, where a higher expression permitting a
higher concentration of effector molecules on target cells
(88, 89) results in stronger inhibition. Antibody-targeted
chemotherapy might also be significantly influenced by
the antigenic modulation, which is defined as the redistri-
bution of surface antigen after binding of antibody and
may involve internalization and degradation of surface
antigen or shedding of the antibody�antigen complex
from the cell surface. The factors regulating antigenic
modulation are not clear. Some antigens modulate rapid-
ly, some slowly or not at all, and still others modulate

it seems that the most important event occurs at later
stages in delivery, e.g., during intracellular routing of the
drug�antibody complexes. It was reported that the intra-
cellular fate of antibody-targeted conjugates is consider-
ably influenced by an epitope on the target surface mole-
cule to which the antibody molecule is directed (80), and
by targeting antibodies themselves. Different monoclonal
antibodies targeting the same surface antigen vary great-
ly not only in their rate of endocytosis but also in their sub-
sequent intracellular routing (80-82). Those monoclonals,
which are internalized but rapidly degraded inside the
cell, perhaps in the lysosomal compartment, are usually
not efficient enough in targeting. The performance of the
various monoclonals appears to correlate very closely
with their ability to transport the drug from the cell surface
to the interior of a metabolically active target cell and
accumulate the drug within the target cells (83).

One of the many approaches to increasing the effica-
cy of targeting is to increase the amount of selected sur-
face receptors on target cells. To prove this theoretical
assumption and compare the targeting efficacy of differ-
ent monoclonal antibodies, we used a panel of anti-T-lym-
phocyte antibodies bound to an HPMA copolymer conju-
gated with doxorubicin. As model systems, we used
spontaneously proliferating and Con A-stimulated mouse
T-cells. Concanavalin A as a T-cell mitogen has the abili-
ty to increase the number of T-cell surface-associated
activation markers that represent appropriate targets for
antibody-driven drug delivery in hematological malignan-
cies and in all situations where T-cells participate in
antagonistic reactions, such as autoimmune diseases
and rejection episodes after allogeneic transplantation.
The tested antibodies were monoclonals directed against
T-cell antigens (Thy 1.2 antigen, CD4 receptor, CD25
[IL-2R receptor] and TCR/CD3 complex) and against sur-
face antigen expressed on APCs (class II MHC glycopro-
tein). (For results, see also the section: Affinity therapy
with antibody-targeted HPMA copolymer-bound daunoru-
bicin (doxorubicin) applied to the immune system.)

Flow cytometric analysis showed an intensive T-lym-
phocyte binding for HPMA copolymer carrier-conjugated
doxorubicin targeted with specific antibody, whereas no
binding was recorded with HPMA carrier-bound doxoru-
bicin containing nonspecific mouse IgG. The binding was
considerably increased in Con A-stimulated T-lympho-
cytes when compared with unstimulated cells, i.e., spon-
taneously proliferating controls (84).

The accumulation in isolated mouse T-lymphocytes
was most intensive with [125I]-labeled anti-Thy 1.2-target-
ed and anti-CD4-targeted monoclonals, whereas no
accumulation was seen after incubation of mouse T-cells
with a nonspecific doxorubicin�HPMA�mouse IgG conju-
gate (84). Interestingly, the intracellular accumulation of
the drug was influenced by the structure of the oligopep-
tide side-chains via which doxorubicin was attached to
the polymeric carrier. A higher membrane association and
intracellular accumulation into T-lymphocytes were seen
with conjugates containing Gly-Phe-Leu-Gly sequences
compared with conjugates containing Gly-Gly sequences.
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centration of 1.8 µg/ml (IC50 cytotoxic index) daunorubicin
equivalents, while more than 100 times more daunoru-
bicin is needed for the same toxicity for the polymer with
a nondegradable Gly-Gly sequence (IC50 cytotoxic index
= 250 µg/ml) (16). 

Similar results were also obtained in vivo. HPMA
copolymer conjugates with Gly-Phe-Leu-Gly side-chains
decreased the antibody response by 60-80%, while no
effect was seen using an HPMA copolymer conjugate
where daunorubicin was bound via Gly-Gly side-chains.
This is discussed further below. Daunorubicin bound to
the copolymer via a degradable peptide spacer and used
for the treatment of DBA2 mice bearing L1210 leukemia
caused a marked delay in the onset of tumor appearance
and greatly increased the mean survival time (from 22
days to 31 days) compared with daunorubicin bound to
the copolymer via a nondegradable spacer (mean sur-
vival time of 22 days, the same as recorded for the con-
trols) (91).

There is no doubt about the influence of the composi-
tion of the HPMA copolymer side-chains on the final phar-
macological activity of polymeric compound. The results
support the assumption that the drug has to be bound to
a sequence from which it could be released in a con-
trolled way at the site of the assumed effect. A random or
insufficiently defined bond between the drug and its carri-
er may easily lead to a loss of activity of the whole com-
plex. However, the rate of drug release is not the only fac-
tor responsible for conjugate efficacy, as we did not
confirm a direct correlation between the rate of in vitro
drug release and the in vitro cytotoxicity against human
peripheral blood T-lymphocytes and mouse T-cell lym-
phoma EL4 cells. 

We have selected HPMA conjugates with various
tripeptide and tetrapeptide spacers, and the rate of
release of doxorubicin in vitro by cathepsin B was as fol-
lows: Gly-Leu-Phe-Gly > Gly-Phe-Leu-Gly > Gly-Leu-Gly
> Gly-Phe-Gly > Gly-Gly (92). Even when the cytotoxic
activity of the conjugates releasing doxorubicin at the
highest rate was most pronounced (IC50 = 1 µg/ml), a
direct correlation was not observed. The conjugate with
Gly-Leu-Gly tripeptide had an IC50 of 10 µg/ml, the conju-
gate with Gly-Phe-Gly tripeptide an IC50 of 1-10 µg/ml,
and the conjugate with the nondegradable dipeptide
Gly-Gly an IC50 of 100 µg/ml, which was unsuitable for
targeting. 

Similar results were obtained with anti-Thy 1.2-target-
ed conjugates tested against mouse T-cell lymphoma
EL4 (84). As, in addition to rapid drug release, conjugates
containing Gly-Phe-Leu-Gly sequences show a higher
membrane association compared to conjugates with
Gly-Gly side-chains (85), the pharmacological efficacy of
conjugates with �biodegradable� side-chains seems to
confirm the hypothesis of Hovorka et al. (93) that the tox-
icity of HPMA-based conjugates is a combination of the
toxic effect of released doxorubicin directed against the
nucleus and inducing apoptosis, and the toxic effect of
doxorubicin in polymer-bound form directed against cell
membranes and causing necrosis. 

when exposed to multiple antibodies directed against
unrelated antigens.

An interesting observation is the finding that, in the
case of only a 10-min contact in vitro between the poly-
meric prodrug based on HPMA with Gly-Phe-Leu-Gly
side-chains and target T-cells, even a very high concen-
tration (70 µg/ml) was without any detectable inhibitory
effect. We attribute this to the shape of the conjugate
molecule. It has been found (69) that HPMA copolymers
containing hydrophobic side-chains associate in water,
forming submicellar structures containing up to 5 macro-
molecules where the hydrophobic side-chains are
enclosed in an outer hydrophilic coat of the polymer. The
association increases with increasing temperature and
results in a decrease in the rate of enzymatically cat-
alyzed drug release (69). We hypothesize that the forma-
tion of associates results in a reduced interaction of the
polymer with the cell surface, thus decreasing its uptake.
To detect some effect, prolonged incubation or a lower
concentration is needed (87).

Effect of different composition of oligopeptidic
spacer on pharmacological efficacy

If the cytotoxic drug bound to the polymer acts upon
the cell surface, the degradation of the bond between the
spacer and the drug is not the main problem. On the other
hand, this assumes greater importance if the drug to be
bound acts only intracellularly. Such a drug must be accu-
mulated in the target cell by endocytosis and must be
released there from the polymeric carrier to become
active (12).

The release of the drug depends on the character of
the oligopeptidic side-chains of the HPMA copolymer car-
rier. A drug bound to a nondegradable sequence such as
Gly-Gly is not released from the polymer either during its
transport in the bloodstream or in the target tissue. On the
other hand, if the bond between the drug and an
oligopeptidic sequence such as Gly-Phe-Leu-Gly is
degradable by lysosomal enzymes, the conjugate is sta-
ble in plasma and serum (54), and pharmacologically
active drug is released only intracellularly in target cells
(55, 90).

The sensitivity to cleavage by lysosomal enzymes is
correlated with the pharmacological activity of the prepa-
ration. Daunorubicin bound to a noncleavable Gly-Gly
sequence is practically inactive both in vitro and in vivo,
while the same drug bound to the cleavable sequence
Gly-Phe-Leu-Gly is highly cytotoxic in vitro (16, 17, 43),
and effectively suppresses the antibody response in vivo
(16, 18), as well as the growth of experimental tumors
(44).

The toxicity of the conjugates with degradable
sequences considerably exceeds that of the conjugate
with nondegradable sequences. The HPMA copolymer
containing doxorubicin bound via Gly-Phe-Leu-Gly
oligopeptide side-chains and targeted with anti-Thy 1.2
antibodies possesses in vitro cytotoxicity even at a con-
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Three methods of covalently binding the monoclonal
antibody OV-TL16, recognizing the OA-3 antigen
expressed on the surface of OVCAR-3 ovarian carcinoma
cells, and its Fab� fragments to an HPMA carrier contain-
ing doxorubicin were used to compare the effect of the
mode of binding on the targeting ability of the final prod-
uct. The affinity constant estimated by radioassay on cell
monolayers revealed antigen-binding heterogeneity of
the conjugate when the antibodies were bound by aminol-
ysis. Binding via hydrazone bonds formed by the reaction
of aldehyde groups on the oxidized antibody with
hydrazide groups on the HPMA copolymer conjugate
resulted in conjugates with a more homogeneous distrib-
ution of affinity constants. However, both methods result-
ed in up to an 8-fold decrease in the affinity constant com-
pared to the parent antibody, probably as a consequence
of conformational changes in the antibody structure (97).
A third method involves thioether bonds formed by the
reaction of sulfydryl groups of Fab� fragments with
maleimido groups on the side-chain termini of the HPMA
copolymer�drug conjugate. In such conjugates, the affin-
ity constant is also reduced, but the distribution was more
homogeneous than in either conjugate prepared with the
whole antibody (97).

Seymour et al. (47) examined the ability of the B72.3
monoclonal antibody, its fragments and the various
HPMA copolymer conjugates to localize on human col-
orectal carcinoma LS 174T xenografted to nude mice.
Aminolysis was selected for the attachment of parent
antibody and Fab� and F(ab�)2 fragments to the HPMA
carrier. An HPMA conjugate with nonspecific mouse IgG
was used as a control. The intact unmodified antibody
showed the greatest quantitative targeting, localizing up
to 25% of recovered dose per g of tumor. The unmodified
F(ab�)2 fragment also showed a good quantitative local-
ization (over 10% of recovered dose per g of tumor),
wheras the unmodified Fab� fragment and all of the
copolymer conjugates (HPMA�B72.3, HPMA�F(ab�)2 and
HPMA�Fab�) showed levels of targeting that were no
greater than those achieved by the nonspecific mouse
IgG and its HPMA conjugate, respectively. This is almost
certainly due to masking of the antigen recognition site of
the antibody by polymer chains, either folded across it or
even covalently linked to it (31). This masking of the anti-
gen recognition site is not entirely unpredictable, since
aminolysis involves binding the copolymer chains to any
available primary amine residues of the protein, some of
which are present in the antigen recognition site itself.
Results in vitro using membrane preparations isolated
from explanted LS 174T tumors revealed a complete lack
of antigen binding by the B72.3 antibody-targeted HPMA
conjugate, despite extensive binding by the parent anti-
body (47). When targeting was expressed as tumor-to-
blood ratio, the Fab� and F(ab�)2 fragments of B72.3 anti-
body performed better than the intact monoclonal even
though the absolute quantity of material delivered to
the tumor was less (47). More precisely controlled chem-
istry of derivatization, and probably also the selected
class, subclass, polyclonal or monoclonal character of

We have also compared the efficacy of conjugates
with a tetrapeptidic spacer containing only D-phenylala-
nine or L-phenylalanine. In the presence of cathepsin B
and after 24 h of incubation, the Gly-Phe(L)-Leu-Gly spac-
er releases 35% of bound doxorubicin, the Gly-Phe(D)-
Leu-Gly spacer releases 12% and the Gly-Phe(D,L)-Leu-
Gly spacer releases 22% of bound doxorubicin.
Surprisingly, the use of a spacer containing both isomers
of phenylalanine gives the best cytostatic activity in vitro
and antitumor efficacy in vivo (38). This confirms that the
rate of drug release is not the only decisive factor for the
final pharmacological effect of antibody-targeted HPMA
copolymer-bound drug. 

Recently, we have also introduced HPMA copolymer-
bound doxorubicin conjugates with a pH-sensitive bond
between the drug and the spacer. In this type of conju-
gate, the doxorubicin is attached to the spacer through a
hydrazone bond. The hydrazone bond is relatively stable
at physiological pH 7.4 but is quickly hydrolyzed at pH
5.0. Thus, unlike aminolytically bound doxorubicin, the
drug can be released already in endosomes as the pH in
this cell compartment is favorable (94). It was shown that
HPMA copolymer conjugates with doxorubicin conjugated
via a hydrazone bond exhibit very high cytostatic activity
in vitro against a variety of tumor cell lines, including
those with a limited lysosomal content (95), and antitumor
effect in vivo (96).

Influence of the method of synthesis on the binding
affinity of antibody-targeted HPMA conjugates

The efficacy and specificity of antibody targeting
depends primarily on the availability of a functional anti-
body binding site. The attachment of antibodies to a poly-
meric carrier usually decreases their binding activity,
although we have never seen a decrease so great as to
prevent efficient targeting. Conformation, and thus the
targeting activity, of a coupled antibody could be influ-
enced by the synthetic method selected for the attach-
ment of the antibody molecule to the synthetic carrier, and
by the physicochemical characteristics of the carrier mol-
ecule itself. In fact, antibodies can be bound to an HPMA
copolymer either randomly by aminolysis (random bind-
ing), i.e., via the N ε-amino groups of lysine residues
(approximately 75 lysine residues may be involved) and
reactive 4-nitrophenyl ester (ONp) groups at the end of
oligopeptide side-chains of the HPMA copolymer�doxoru-
bicin conjugates, or via oxidized carbohydrate moieties of
the Fc part of the IgG molecule (oriented binding).
Aminolysis could involve amino acid residues that are a
part of, or close to, the antibody binding site, which might
result in a decrease of the targeting capacity of the con-
struct. Oriented binding through the Fc part of the
immunoglobulin molecule considerably increases the tar-
geting capacity, reduces the nonspecific interaction of the
antibody-targeted conjugate with nontarget somatic cells,
and consequently increases the pharmacological activity
of the antibody-targeted polymeric prodrug (20, 34, 46).
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HPMA copolymer-bound doxorubicin targeted with anti-
body provides a more homogeneous and better charac-
terized conjugate compared to the classic structure (38,
98, 99). FACS analysis repeatedly showed that the
attachment of antibodies to the HPMA copolymer carrier
always decreases their targeting capacity. Comparison of
two HPMA conjugates containing doxorubicin and target-
ed with B1 monoclonal antibodies specifically recognizing
the BCR receptor of BCL1 mouse B-cell leukemia
revealed that the binding of �star-like� conjugates is
impaired by conjugation to the polymeric carrier more
than the binding of �classic� conjugates, but the �star-like�
conjugate showed 3 times higher cytostatic activity
in vitro (IC50 = 10.5 nM doxorubicin equivalents) than the
�classic� conjugate (IC50 = 32.6 nM doxorubicin equiva-
lents). Both targeted conjugates exhibited much greater
cytostatic activity than nontargeted HPMA copolymer-
bound doxorubicin (IC50 = 1450 nM doxorubicin equiva-
lents), which is not surprising as this nontargeted conju-
gate has no specific receptor on target cells.

antibodies, could affect the targeting efficacy of antibody-
targeted polymeric conjugates.

We have directly compared random and oriented
binding in conjugates targeted with anti-Thy 1.2 antibod-
ies  and containing chlorin e6 (34, 46) or conjugates tar-
geted with anti-thymocyte globulin and containing
ciclosporin (20). In the conjugate prepared by aminolysis,
antibodies were bound randomly via N ε-amino groups of
lysine residues. In the conjugate with an oriented binding,
a saccharide moiety in the Fc portion of the IgG molecule
was oxidized and bound to HPMA copolymer side-chains
terminating in aliphatic amino groups. Random and ori-
ented binding confers a different targeting and also effec-
tiveness of polymeric conjugates when tested in primary
cultures of mouse splenocytes and isolated T-lympho-
cytes. The targeting capacity of the HPMA copolymer
conjugate where antibodies were bound through oxidized
saccharide (oriented binding in which the antibody bind-
ing site is protected) was enhanced by up to 2 orders of
magnitude compared to the conjugate where antibodies
were bound randomly, and the pharmacological efficacy
of such a conjugate even exceeded the activity of the free
drug (19, 46).

In conjugates prepared by an aminolytic reaction, part
of the multiple ONp groups of the HPMA copolymer react
with the amino groups of daunosamine in the doxorubicin
molecule, followed by the reaction of the rest of the ONp
groups of the HPMA copolymer with amino groups of
lysine residues in the antibody molecule. Thus, the
branching cannot be avoided in the reaction where a mul-
tivalent polymer precursor reacts with a multivalent anti-
body. The effect of branching can only be minimized by
careful performance and control of pH, ionic strength and
temperature of the reaction. Nevertheless, the reaction
product is still a mixture of molecules consisting of a sin-
gle antibody modified with polymer chains, and molecules
containing 2 or more antibody molecules connected to
many polymer chains into a branched structure. Conse-
quently, precise characterization of such a �classic� con-
jugate is rather difficult. Its molecular weight is high and
its polydispersity fairly broad, as the targeting and drug
moieties are bound via linkages randomly distributed
along the polymer chain (53). An advantage of aminolytic
conjugation is the relative ease of performance on a large
scale (38).

A new HPMA conjugate with a �star-like� structure rep-
resents a better characterized material (Fig. 2). The dif-
ferences reside in the methods of synthesis, attachment
of targeting antibodies and resultant physicochemical
characteristics. In �star-like� conjugates, HPMA copoly-
mer chains containing only one reactive N-hydroxysuc-
cinimide group at the end of the molecule react with the
lysine ε-amino groups of the antibody molecule. Thus,
the antibody molecule is surrounded by approximately
20-30 HPMA copolymer chains exposing the drug (dox-
orubicin) bound through a Gly-Phe-Leu-Gly tetrapeptide
on the surface (98, 99). No cross-linking or branching of
polymeric chains was found and the distribution of mole-
cular weight was narrow. Thus, the star structure of
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Fig. 2. Schematic drawing of the classical structure of antibody-
targeted HPMA copolymer-bound doxorubicin conjugate (A) and
the star structure of antibody-targeted HPMA copolymer-bound
doxorubicin conjugate (B).



immunoglobulin molecule are the already-mentioned �ori-
ented� binding of oxidized antibody to a polymer contain-
ing hydrazide groups (19, 20, 34, 46, 97, 98), or binding
of polymerized Fab� antibody fragments to an HPMA
copolymer via a thioether group formed by a reaction of
Fab� SH group with a maleimide group in a methacryloyl-
ated unit (97, 100).

Affinity therapy with antibody-targeted HPMA
copolymer-bound daunorubicin (doxorubicin)
applied to the immune system

One of the main problems of anticancer affinity thera-
py is the selection of the most specific targeting structure.
The same holds for intervention on the immune system,
where physiological (e.g., rejection of transplanted graft)
or pathological (autoimmune disorders) reactions depend
on the cooperation of different cellular subsets character-
ized by specific surface structures. For this reason, the
effect of affinity therapy on lymphatic tissue depends
mainly on the specificity of the antibody used as a target-
ing structure.

We have chosen a well-defined model which allows
study of the pharmacological efficacy of the antibody�
polymer�drug conjugates in vitro and in vivo. By testing
targeting to lymphatic tissue, we have compared the tar-
geting abilities of polyclonal anti-thymocyte globulin
(ATG) and monoclonal anti-Thy 1.2, anti-CD4, anti-CD25,
anti-CD3 or anti-class II MHC glycoprotein antibodies, all
of which are directed to well-defined surface molecules
on cells involved in immune reactions. Once bound to its
membrane receptor, anti-Thy 1.2 antibody loss from the
cell surface is low and this retention of surface-associat-
ed antibody is maintained in vitro, as well as in vivo. In
vivo, 1 min is sufficient for reproducible binding of the
polymeric conjugate to peripheral blood leukocytes (32).
Thy 1.2 (CD90), CD4, CD25 and CD3 molecules are
expressed on T-lymphocytes and class II MHC molecules
on specialized APCs, such as dendritic cells, macro-
phages, B-lymphocytes, certain endothelial cells and
thymic epithelial cells. Anti-thymocyte globulin is a poly-
clonal antiserum directed against a number of different
surface molecules of thymocytes and T-cells. T-lympho-
cytes, cells important for all types of immune response,
recognize and respond to peptide antigens attached to
class I or II MHC glycoproteins expressed on APCs.
FACS analysis showed that all selected antibodies,
including ATG, bind strongly and specifically to normal
T-lymphocytes and to mouse EL4 T-cell lymphoma (84).

Loading with a selected antibody-targeted polymer-
bound drug leads to the killing, inactivation or inhibition of
cells involved in the immune reaction. As a result of elim-
ination of APCs and/or T-lymphocytes, the cooperation in
the immune system is disturbed and consequently, the
cellular and humoral (antibody) response is decreased.
The intensity of the antibody reaction in vivo can be test-
ed either by serum antibody levels (ELISA, RIA), or more
precisely by direct estimation of antibody-releasing

Receptor-mediated endocytosis via the Fc receptor is
probably not involved, as �targeting� using irrelevant anti-
body (anti-Thy 1.2) bound to a polymeric carrier was not
seen. Nontargeted conjugate is taken up only by fluid-
phase pinocytosis, which is a slow process and requires
a high concentration of the conjugate to produce cytosta-
tic activity (86).

Similar results were obtained with the mouse T-cell
lymphoma EL4 and human colorectal carcinoma SW620.
While the binding of �classic� conjugates to the targets
was always superior to the binding of �star-like� conju-
gates, their cytotoxicity was lower. The �star-like� anti-Thy
1.2-targeted HPMA-bound doxorubicin was 10-fold more
cytotoxic (IC50 = 1.14 µM doxorubicin equivalents) com-
pared to the �classic� conjugate (IC50 = 12.73 µM doxoru-
bicin equivalents). When SW620 cells were incubated
with a �star-like� conjugate targeted by anti-CD71 mono-
clonals, the IC50 (0.25 µM doxorubicin equivalents) was
10-fold lower than with the �classic� conjugate targeted
by an identical antibody (IC50 = 2.76 µM doxorubicin
equivalents) (77).

Both the �classic� and the �star-like� conjugates of
HPMA copolymer-bound doxorubicin targeted with B1
MAb signficantly prolonged the survival of mice. One
dose of free doxorubicin (50 µg) given on day 11 after the
inoculation of cancer cells prolonged the survival of mice
to 114% relative to control mice. The �classic� conjugate
prolonged the survival to 138% relative to control mice,
but did not produce any cures. The �star-like� conjugate,
on the other hand, showed an extraordinary effect, com-
pletely curing 55% of mice and extending the average
lifespan of the remaining mice to 258% of that found in
the controls (38). Similarly, the �star-like� conjugates con-
taining anti-CD71 monoclonals as targeting structures
were more effective against human colorectal cancer
SW620 xenografts than the �classic� conjugates.
Biodistribution studies revealed that the �star-like� conju-
gate remained in a relatively high concentration in the
blood for a few days. Nineteen percent of the injected
dose remained after 48 h, compared to only 3.8% of the
�classic� conjugate and 2.9% of nontargeted HPMA-
bound doxorubicin (PK1) (77). In an experimental model
of mouse T-cell lymphoma EL4 tumors, both anti-Thy 1.2-
targeted conjugates (�classic� and �star-like�) were effec-
tive and cured all tumor-bearing mice. Data obtained with
�star-like� conjugates confirmed that the intensity of bind-
ing is only one of many factors responsible for the phar-
macological activity of targeted polymeric drugs. 

As already mentioned, the binding of antibodies to
HPMA copolymer-bound doxorubicin can involve the anti-
body binding site, and hence decrease the antibody-bind-
ing potential. Thus, in �classic� conjugates we have tried
to protect the antigen binding site by dimethylmalein
anhydride. However, no significant difference was seen in
the cytotoxicity of conjugates with protected and unpro-
tected antibodies (98, 99), and this rather laborious
method of protection was not used further for routine syn-
thesis of conjugates. Among other methods used to pre-
vent inactivation of the antibody binding site of the
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process is important for intracellular accumulation of such
an antibody-targeted conjugate (87).

Affinity therapy with antibody-targeted HPMA
copolymer-bound doxorubicin in  experimental
cancer models

Several experimental models of cancer were used to
determine the efficacy of antibody-targeted HPMA
copolymer carrier-bound doxorubicin.

The mouse EL4 T-cell lymphoma was selected
because of its low sensitivity to treatment with free dox-
orubicin (102). The in vivo therapeutic efficacy of HPMA
copolymer-bound doxorubicin targeted with polyclonal
anti-EL4 antibody, polyclonal ATG, monoclonal anti-Thy
1.2 antibody or its F(ab�)2 fragment, which  roughly corre-
sponds to 2 disulfide-linked Fab� fragments and has diva-
lent antigen-binding capacity, was compared with the effi-
cacy of doxorubicin conjugated to HPMA copolymer
carrier containing nonspecific mouse IgG or BSA. It was
suggested that using smaller fragments which maintained
the desirable tumor-targeting characteristics might be
advantageous because their accumulation and targeting
in solid tumors are more rapid (103, 104). 

The polyclonal anti-EL4 antibody-targeted conjugate
caused a significant delay in tumor growth and an exten-
sion of the lifespan of treated mice to 184% compared to
control. The effect was comparable with that of HPMA
copolymer-bound doxorubicin targeted with polyclonal
ATG, while conjugates targeted with monoclonal anti-Thy
1.2 antibody or its F(ab�)2 fragment were much more
effective. However, a considerable antitumor effect was
also seen for conjugates targeted with syngeneic non-
specific IgG, human IVIg and BSA. In mice treated with
doxorubicin�HPMA�mouse IgG, survival was extended
by up to 133% compared to controls, and in those treat-
ed with doxorubicin�HPMA�BSA, it was prolonged by up
to 130% compared to controls. The delay in tumor growth
was comparable in mice treated with IgG- and BSA-con-
taining HPMA�doxorubicin, but the death rate was lower
in the former group (24). We reasoned that the therapeu-
tic efficacy seen after the administration of HPMA copoly-
mer carrier-bound doxorubicin containing nonspecific IgG
or BSA is due to the EPR effect described by Maeda et al.
(65-67), as in biodistribution studies performed with [125I]-
labeled conjugates, rather high accumulation of IgG- and
BSA-containing HPMA bound-doxorubicin conjugates
has been reported (Jelínková, unpublished results). A
modest effect was seen with nontargeted HPMA copoly-
mer carrier-bound doxorubicin (PK1), which might be
explained by its lower molecular weight compared to pro-
tein-containing conjugates (24). 

In this model, the difference in the therapeutic poten-
tial of the conjugates targeted with whole anti-Thy 1.2
antibody or its F(ab�)2 fragment was not significant. This is
in agreement with Waldman (105), who reported that
intact IgG antibodies are retained better by the tumor,
which appears to be better for therapy. Similarly, it was

B-cells by the so-called plaque-forming cell (PFC) tech-
nique. It was observed that ATG-, anti-Thy 1.2-, anti-
CD4-, anti-CD25-, anti-CD3- and anti-class II MHC glyco-
protein-targeted daunorubicin and doxorubicin bound to
an HPMA copolymer carrier via a Gly-Phe-Leu-Gly
sequence are cytotoxic to mouse splenocytes and human
peripheral blood lymphocytes in vitro (16-18, 87; see also
section on �Passive accumulation and active targeting�).
In vivo, such conjugates effectively suppress both prima-
ry and secondary antibody responses directed against
sheep red blood cells (SRBCs) by 60-85% depending on
the concentration of the injected drug equivalent (16-18).
Daunorubicin bound to the copolymer containing a
degradable Gly-Phe-Leu-Gly sequence is active, but
compared with free daunorubicin, a higher quantity of
conjugated drug is needed for the same suppression.
Daunorubicin bound to the copolymer with a nondegrad-
able sequence appears to be inactive, similar to the
situation in vitro. 

The degree of depletion of T-lymphocytes and/or
APCs reflected in a decrease of the immune response
in vivo is directly related to the pharmacological activity of
the antibody�HPMA copolymer carrier�drug conjugates.
The most effective suppression of anti-SRBC responses
in vivo was induced by injection of a conjugate with Gly-
Phe-Leu-Gly side-chains targeted with an antibody
against class II MHC molecules. A total of 260 µg of
daunorubicin injected in 3 consecutive doses decreased
the number of plaque-forming (antibody-producing) cells
(PFCs) by 65%, while a similar conjugate targeted with
polyclonal ATG was less effective and decreased the
number of PFCs by only 50%. Surprisingly, the least
effective was the conjugate containing monoclonal anti-
Thy 1.2 antibody, where only 35% suppression of PFCs
was recorded. Nontargeted HPMA copolymer carrier-
bound daunorubicin had rather limited activity, as the
number of PFCs was suppressed by only 17%.
Daunorubicin and ATG bound to HPMA copolymer carri-
er via nonbiodegradable Gly-Gly sequences were inac-
tive (16, 18). By eliminating the APCs that carry class II
MHC molecules on their surface, the immune response is
blocked at the beginning. Anti-class II MHC antiserum
has been successfully used for the treatment of experi-
mental autoimmune diseases (101) and affinity therapy
using the same antibodies as a targeting structure might
be even more effective. Class II MHC molecules are
expressed in large quantities, mostly on activated cells,
while resting cells carry on their surface only a limited
number of class II MHC glycoproteins.

The optimal time for loading of antibody-targeted con-
jugate into isolated T-lymphocytes was 3 h (85). With a
shorter incubation time (10 min), it was necessary to con-
siderably increase the dose to achieve the same inhibito-
ry effect. Cultivation of immunocompetent cells (mouse
splenocytes, human peripheral blood leukocytes) with
antibody�HPMA�daunorubicin conjugates at 4 oC instead
of 37 oC had only a limited effect on the intensity of anti-
body response, confirming that an active metabolic
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conjugate demonstrated 40-fold higher cytotoxicity than
nontargeted or human nonspecific Ig containing HPMA
copolymer-bound doxorubicin. The IC50 for the nontarget-
ed conjugate was 1360 nM, a concentration similar to that
obtained with nonspecific human Ig (IC50 = 1170 nM). The
IC50 of a B1-targeted conjugate was 34 nM and that of
free doxorubicin was 1.5 nM. Intravenous administration
of 5 mg/kg doxorubicin equivalents in a B1 MAb-targeted
conjugate on days 11 and 14 completely cured 70% of
mice and extended the average lifespan of the remaining
mice to 246% of that found in the controls. The conjugate
containing human nonspecific Ig prolonged the survival of
mice to only 136% of the control group and did not pro-
duce cures. It was found that an essential factor in the
efficacy of the therapy was the time interval between
tumor cell inoculation and the beginning of treatment.
While 2 doses given on days 11 and 14 were able to cure
70% of experimental mice, 3 doses given on days 15, 18
and 21 completely cured only 10% of mice (76). In the
late stages of BCL1 leukemia, mice have detectable
serum levels of BCL1-specific IgM antibodies which are
probably released from dying BCL1 cells. These serum
antibodies with the BCL1 idiotype can compete or even
block the binding of B1 MAb-targeted conjugates to
target BCL1 cells, thereby decreasing the efficacy of the
therapy (76).

As previously mentioned, the OV-TL16 antibody rec-
ognizes the OA-3 antigen expressed on the surface of
OVCAR-3 ovarian carcinoma cells (35, 36, 39, 110, 111).
Binding of doxorubicin to a nontargeted HPMA copolymer
carrier drastically decreased its cytotoxicity in vitro
towards OVCAR-3 cells. The IC50, determined by the
MTT assay, increased from 2 µM for free doxorubicin to
150 µM for the doxorubicin�HPMA conjugate PK1 (35). It
was suggested that this increase in IC50, regularly seen
after the attachment of different drugs to an HPMA
copolymer carrier, might reflect the different mechanisms
of cell uptake, resulting in altered intracellular drug con-
centration. The increased molecular weight of the conju-
gate prevents its free diffusion through the plasma mem-
brane and limits its uptake by pinocytosis, which seems to
be a rather inefficient process when compared to the
rapid transport of free drug through the plasma mem-
brane (35, 112). According to our observations, the accu-
mulation of nontargeted conjugate (doxorubicin�HPMA
[PK1]) is a rapid event occurring within minutes if a cell is
exposed to a very high extracellular concentration.
However, drug effect is seen only after 12-16 h (KováÍ,
Hovorka unpublished observation). It should also be
stressed that measurement of [3H]-thymidine uptake,
which we routinely use in our laboratory, is at least 10
times more sensitive for inhibition of proliferation com-
pared to the MTT assay, and consequently the IC50
obtained by these two methods can differ greatly.

On the other hand, a doxorubicin�HPMA conjugate
targeted with an OV-TL16 antibody, which enters the cells
by receptor-mediated endocytosis, was substantially
more toxic in vitro and in vivo than a nontargeted conju-
gate. In vitro, the low IC50 value for doxorubicin was

reported by Juweid et al. (106) that the F(ab�)2 fragment
of a murine monoclonal antibody against carcinoembry-
onic antigen (CEA) exhibits a similar targeting sensitivity
and tumor dose as reported for the IgG form. EL4 T-cell
lymphoma is associated with a rapid spread of
micrometastatic tumors invading all lymphatic tissues,
including the spleen, which might be even more life-
threatening than the primary solid tumor. Thus, it is most
likely that the EPR effect is only partially responsible for
the final pharmacological efficacy of the conjugates and
the difference between samples with different molecular
weight cannot be proven. The decision to use intact IgG
or F(ab�)2 or Fab� fragments for targeting will therefore
depend on the characteristics and microanatomy of a
particular tumor (24).

The transferrin receptor (CD71) has already been
used as a target for immunotoxins (107) and targeted
gene therapy (108). CD71 represents a marker of acti-
vated and dividing cells that is quickly internalized after
ligand binding. As a well-defined antigen that is strongly
expressed on cancer cells, it is suitable for targeted can-
cer chemotherapy (30). The number of receptors per cell
is thought to be dependent upon the cell type and growth.
We have compared the targeting efficacy of transferrin as
a natural ligand and anti-CD71 monoclonals in affinity
therapy against mouse B-cell lymphoma 38C13.

Conjugation of an anti-CD71 antibody to the HPMA
copolymer carrier had little effect on its binding to the
CD71 receptor expressed on B-cell lymphoma. On the
other hand, binding of transferrin to an HPMA copolymer
carrier resulted in a significantly reduced binding capaci-
ty to target cells.

The cytotoxic activity of doxorubicin attached to the
HPMA copolymer carrier was decreased more than
1,000-fold when tested in vitro by [3H]-thymidine uptake.
Targeting with anti-CD71 antibodies increased cytotoxici-
ty approximately 9-fold. As a targeting moiety, transferrin
was less effective, as the cytotoxic effect of the transfer-
rin-targeted conjugate was 4-fold lower compared to that
obtained with the anti-CD71-targeted conjugate. The
therapeutic effect of anti-CD71- or transferrin-targeted
HPMA copolymer-bound doxorubicin was evaluated on
cancer growth and survival in C3H/HeN mice with estab-
lished 38C13 B-cell lymphoma. Similar to the in vitro stud-
ies, HPMA copolymer-bound doxorubicin targeted with
anti-CD71 monoclonals had a much stronger therapeutic
effect, significantly delaying tumor growth, significantly
prolonging survival and completely curing 30% of tumor-
bearing mice, while the transferrin-targeted conjugate
cured only 15% of 38C13 tumor-bearing mice. Free or
nontargeted HPMA copolymer-bound doxorubicin
showed only a slight antitumor effect (37).

Mouse BCL1 B-cell leukemia represents a B-cell-
derived malignancy with BCL1 cells possessing a surface
IgM B-cell receptor (BCR). As IgM BCR is highly
expressed on B-cells and rapidly internalized after ligand
binding (109), it should be advantageous to use a B1
monoclonal antibody recognizing the BCL1 BCR idiotype
as a targeting moiety. In vitro, a B1 monoclonal-targeted
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Gly-Gly sequences (85). The differences in the fates of
these two copolymers are probably due to the highly
hydrophobic character of Gly-Phe-Leu-Gly side-chains,
which contributes to the increase in binding and internal-
ization by some cell types (93). Similar results, i.e., a
higher accumulation of HPMA copolymers containing
hydrophobic comonomers, were reported by Duncan
et al. (118) for yolk sac.

Conjugation of antibodies and their fragments to
HPMA copolymers results in extended circulation times
and most probably contributes to passive accumulation in
solid tumors by the EPR effect. Covalent binding of [125I]-
daunorubicin to an HPMA copolymer containing targeting
anti-Thy 1.2 antibodies increased its level in the blood 5-
20-fold and considerably decreased its rate of elimination
compared to the free drug. The greatest accumulation of
anti-Thy 1.2-targeted conjugate was detected in the
spleen, thymus and liver 2 h after i.v. administration, while
only liver accumulation was observed if [125I]-daunoru-
bicin�HPMA copolymer containing nonspecific rabbit
gamma globulin (RGG) instead of specific antibodies was
injected (85). This is consistent with in vitro experiments,
where the highest accumulation of radioactivity in isolat-
ed T-lymphocytes was found 2 h after incubation with
[125I]-daunorubicin�HPMA�anti-Thy 1.2-targeted conju-
gate (85). The same results were obtained after i.p.
administration, suggesting that the conjugate was rapidly
drained from the peritoneal cavity either through lymphat-
ic and blood capillary walls or through the diaphragma
lymphatic system. Seymour et al. (117) also reported that
molecular weight does not influence the movement of
copolymers from the peritoneal compartment to the
bloodstream after i.p. injection. 

A very important observation is that HPMA copoly-
mers with and without immunoglobulin show a compara-
ble distribution between the plasma and blood cells (85).
Similarly, KováÍ et al. (76) did not detect any considerable
binding of conjugate containing nonspecific Ig to BCL1 B-
cell leukemia cells, indicating that massive uptake of poly-
mer-bound doxorubicin through Fc receptors on nontar-
get cells is not expected.  

It is necessary to keep in mind that the body distribu-
tion of an antibody-targeted conjugate will always be
strongly influenced by the specificity of targeting antibod-
ies, and thus data obtained for anti-Thy-1.2-targeted con-
jugates might not necessarily fit the data obtained with
other antibody-targeted conjugates. 

Following i.v. administration to normal mice, [125I]-
labeled whole B72.3 monoclonal antibody (murine IgG1
that recognizes the TAG72 antigen expressed on LS
174T human colorectal carcinoma) showed slow clear-
ance from the bloodstream, probably due to both extrava-
sation and metabolism. A decrease to 50% of the initial
value took about 10 h, and gradual decline continued,
reaching 70% after 48 h. The rate of clearance appeared
to be independent of the administered dose. Parent
antibody and its fragments showed molecular weight-
dependent blood clearance following i.v. injection. While
the intact molecule remained in the circulation for an

practically restored by antibody targeting. The IC50 for
doxorubicin-HPMA�OV�TL16 antibody was found to be
4.4 µM doxorubicin equivalents, which is 34-fold less than
that for the nontargeted conjugate. The internalization of
the conjugate was seen within 5 min. In vivo, a single i.v.
dose of doxorubicin�HPMA�OV-TL16-targeted conjugate
(2.2 mg/kg doxorubicin equivalents) was able to suppress
the growth of OVCAR-3 carcinoma xenografts in nude
mice. Three i.v. injections of the same conjugate demon-
strated the best efficacy in inhibiting xenograft growth,
although no tumor cures were found (39).

Biodistribution and pharmacokinetics 

To be effective, HPMA-based polymeric prodrugs
must have an increased plasma half-life and must accu-
mulate in target tissue with long-term retention.
Daunorubicin injected in the free form disappears from
the bloodstream very quickly in a biphasic pattern (44, 85,
113, 114), and less than 30% of the dose remains after 30
min. Compared to blood, the decline of free iodinated
drug or its metabolites in the liver, spleen and thymus is
considerably slower (85), which is probably due to the
fact that daunorubicin is metabolized and excreted main-
ly via the hepatobiliary route (115), and the spleen and
thymus contain rapidly proliferating cell compartments. It
was reported that the concentration of daunorubicin
found in animal tissues after i.v. administration correlates
with the number of nuclei present in a particular tissue,
as daunorubicin binds with high affinity to nucleic acid,
predominantly by intercalation into the DNA double
helix (116).

The elimination of an HPMA copolymer carrier after
i.v. or i.p. injection is directly related to its molecular
weight. Copolymers with a molecular weight of < 45 kDa
are quantitatively eliminated from the organism within
hours by urinary excretion and do not accumulate in any
tissue. Preparations exceeding this threshold are lost
from the bloodstream only slowly by extravasation.
Following subcutaneous administration, the largest
HPMA copolymer fraction (molecular weight of 778 kDa,
diameter of approximately 30 nm) showed increased
retention at the site of injection, approximately 20% of the
dose remaining there after 21 days (117).

Coupling of the drug to the synthetic polymeric carrier
considerably alters its body distribution (118). [125I]-
Daunorubicin bound to an HPMA copolymer is detectable
in the blood and other tissues in a higher concentration
for a longer time compared with free drug. An interesting
finding is that after injection of the nontargeted conjugate
with biodegradable Gly-Phe-Leu-Gly side-chains, the
level of radioactivity, particularly in the blood and liver, is
higher than after injection of copolymer with non-
biodegradable Gly-Gly sequences (85). This is in agree-
ment with the observation in vitro that higher membrane
association and intracellular accumulation into T-lympho-
cytes were seen with conjugates containing Gly-Phe-Leu-
Gly sequences compared with conjugates containing

1200 Antibody-targeted HPMA copolymer-bound anthracycline antibiotics



bicin attached via a nondegradable Gly-Gly spacer did
not demonstrate staining of nuclei (36).

It was seen that the OV-TL16-targeted HPMA�dox-
orubicin conjugate binds and is taken up by OVCAR-3
cells relatively quickly. Both free antibodies and the anti-
body-targeted drug-containing HPMA conjugate were
localized inside the cells as early as 5 min after the onset
of incubation. The total amount of cell-associated materi-
al gradually increased as a function of time, but only 30%
of the total amount of cell-associated material was inter-
nalized over the 90-min interval (35). A similar result was
reported for an anti-Thy 1.2-targeted conjugate. After 90
min of incubation, the conjugate was still localized mainly
on the cell surface. After 48 h, the majority of the target-
ed complex was already internalized and doxorubicin
accumulated in cytoplasmic structures, but antibodies
were still detectable on the surface of target cells. In con-
trast to the results with OV-TL16 antibodies, after 3 days
of incubation, cells exposed to an anti-Thy 1.2-targeted
HPMA conjugate containing biodegradable Gly-Phe-Leu-
Gly showed detectable doxorubicin fluorescence only in
the cytoplasmic structures (93).  

Low nonspecific toxicity of antibody-targeted
HPMA conjugates

Many free drugs, and also immunotoxins, are hepato-
toxic, myelotoxic, nephrotoxic and cardiotoxic, and also
induce other undesirable side effects (120). The aim of
affinity therapy is not only to accumulate the drug at the
site of the pathological process, but also to eliminate its
toxic effects on normal tissue.

We and others reported that conjugation of cytotoxic
or immunosuppressive drugs to a water-soluble copoly-
mer carrier based on HPMA significantly reduces their
nonspecific toxicity, including myelotoxicity (18, 121),
hepatotoxicity (18), cardiotoxicity (73, 122, 123), nephro-
toxicity (4, 20), toxicity to thymus (3, 4) and  immunotoxi-
city (124).

Bone marrow contains a heterogeneous population of
hematopoietic and lymphopoietic precursors which are
highly sensitive to the action of cytotoxic drugs. The
myelotoxicity of macromolecular therapeutics can be
experimentally measured by counting so-called spleen
cell colony-forming units (CFU-s). First, experimental
mice are injected with free drug or polymeric conjugates,
and after a selected time, their bone marrow cells are
transplanted to sublethally irradiated recipients. A part of
these transplanted cells, especially the hematopoietic
precursors, form colonies in different tissues and organs,
which in the spleen are known as as CFU-s. The
decrease in the number of CFU-s compared to controls is
directly related to the myelotoxicity of the tested material.  

For instance, free daunorubicin is strongly myelotoxic
and doses of 6-24 mg/kg injected i.v. in 3 consecutive
doses led to an almost total depletion of hematopoietic
precursors in the bone marrow, whereas the same
dose applied i.p. left 30% of precursors alive (18).

extended period, the Fab� fragment was cleared rapidly,
predominantly via the kidney into the urine. The larger
F(ab�)2 fragment demonstrated intermediate blood clear-
ance kinetics, with a half-life of about 3 h (47).

The blood clearance of the B72.3-targeted HPMA
conjugate was similar to the parent B72.3 antibody, while
the clearance of both fragment conjugates was substan-
tially slower. Most striking was the HPMA�Fab� conjugate,
which displayed a half-life of about 5 h compared with a
few minutes for the unmodified fragment, over 20%
remaining in the circulation after 24 h (47).

Biodistribution and pharmacokinetics are among the
factors that substantially influence the pharmacological
activity of macromolecular therapeutics (74). Our data
show that the �star-like� conjugates of HPMA copolymer-
bound doxorubicin targeted with anti-Thy 1.2 antibody,
with considerably greater antitumor activity compared to
the conjugate with a �classic� structure, have a prolonged
blood elimination profile (77).

Subcellular trafficking and processing 

It has been repeatedly reported that attachment of a
drug to a nontargeted HPMA copolymer carrier substan-
tially decreases its cytotoxicity. It is generally supposed
that such a decrease in pharmacological activity reflects
the change in the mechanisms of cell entry. Free drugs
enter the cell via transmembrane transport or adsorptive
pinocytosis, while fluid-phase endocytosis of nontargeted
drugs and receptor-mediated endocytosis of antibody-
targeted drugs are responsible for intracellular accumula-
tion of macromolecular therapeutics. Targeted conjugates
were found to be much more toxic (86). 

When transported by diffusion, the drug will reach the
cytoplasm of the cell, whereas all endocytic processes
are lysosomotropic (119). The interaction and processes
that determine the ultimate fate of a targeted macromole-
cular therapeutic depend on both the receptor and its lig-
and. Among factors that decisively influence the efficacy
of antibody-targeted polymeric conjugates are: 1) the
affinity of the antibodies; 2) the nature and density of the
target antigen; 3) the type of cell target; 4) the rate of
endocytosis; and 5) the intracellular pathways of the con-
jugate (74). 

Intrinsic fluorescence of doxorubicin was used to fol-
low the uptake and subcellular localization of OV-TL16
monoclonal antibody-targeted doxorubicin bound to an
HPMA copolymer carrier in OVCAR-3 ovarian cancer
cells. After 24 h of incubation, doxorubicin fluorescence
was detectable by confocal fluorescence microscopy in
round-shaped acidic organelles, most probably lyso-
somes, predominantly clustered around nuclei. Later on,
the doxorubicin fluorescence was detected in nuclei of
OVCAR-3 cells incubated with a degradable spacer Gly-
Phe-Leu-Gly-containing HPMA conjugate. A similar accu-
mulation in nuclei was seen after incubation of cancer
cells with free drug. On the other hand, cells exposed for
the same time to an HPMA conjugate containing doxoru-
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lymphoblastic T-cell line CEM and against its MDR sub-
line CEM-VLB overexpressing Pgp. It was shown that the
ability of the conjugates to decrease doxorubicin resis-
tance depends primarily on the selected targeting moiety.
An anti-CD71-targeted conjugate was effective in both
the sensitive and the resistant cell line, with an IC50 of
70 and 480 µM, respectively. The most potent was the
ATG-targeted conjugate of doxorubicin, with an IC50 for
CEM of 10 µM and for CEM-VLB of 250 µM. 

CEM-VLB cells were 50 times more resistant to free
doxorubicin than parental CEM cells. The level of resis-
tance (IC50 MDR cells/IC50 sensitive cells) decreased to
25 and 7 for ATG- and anti-CD-71-targeted conjugates of
doxorubicin, respectively. An anti-CD4-targeted conju-
gate was unable to overcome MDR of selected human
leukemia. Inhibition of proliferation by an anti-CD4-target-
ed conjugate was recorded only in the sensitive cell line,
while the proliferation of the MDR subline CEM-VLB was
not affected even when the highest doxorubicin concen-
tration (640 µM) was used (33). This might be due to poor
internalization of antigen, i.e., the CD4 molecule (130), or
its ligand, i.e., the monoclonal anti-CD4 antibody, as it
has been reported that the IgG2a subclass is much less
internalized compared with IgG1 (131). The inability of an
anti-CD4-targeted conjugate to overcome MDR was not a
consequence of its low binding to target leukemia
cells, as specific binding of the conjugate to CD4-positive
human peripheral blood lymphocytes, CEM and
CEM-VLB cells was confirmed by flow cytometry (33). In
contrast to the results obtained with sensitive A2780 and
doxorubicin-resistant A2780/AD ovarian carcinoma (129),
the nontargeted doxorubicin�HPMA conjugate (PK1) and
a mixture of a free drug and free HPMA copolymer were
not effective in the CEM-VLB line at the highest tested
concentration (640 µM) (33). This confirms that the cir-
cumvention of MDR is not an intrinsic ability of HPMA and
that HPMA does not block Pgp, as has been shown for
some other synthetic polymers (132-135).

Omelyanenko et al. (36) directly demonstrated
increased intracellular concentrations of HPMA copoly-
mer-bound doxorubicin in the MDR A2780/AD line rela-
tive to the free drug, and confirmed the hypothesis of a
change in the intracellular gradient of the drug bound to
an HPMA copolymer carrier. In the case of the free drug,
the gradient is directed from the plasma membrane to the
perinuclear membrane. In the case of HPMA copolymer-
bound drug, where the drug is released in lysosomes, the
gradient is from the perinuclear region to the plasma
membrane. Thus, the probability of the drug interacting
with nuclear DNA is higher than the probability of its
recognition by the Pgp pump (36, 129).

Xenogeneic targeting

Spontaneous human cancers often do not express
surface antigens suitable for targeting. Recent progress
in gene therapy-based approaches offers the possibility
of overcoming the problem of the absence of specific

Administration of the homopolymer poly(HPMA), i.e., a
polymer without the oligopeptidic side-chains, did not
affect the number of hematopoietic precursors in bone
marrow (125). An antibody-targeted HPMA conjugate
without the drug and a drug-containing HPMA copolymer
without the targeting moiety were also nontoxic.
Repeated injection of anti-Thy 1.2-targeted daunorubicin
conjugated to an HPMA copolymer reduced the number
of bone marrow stem cells only slightly. The myelotoxici-
ty of such antibody-targeted HPMA copolymer carrier-
bound drug was reduced by up to 80-fold compared to the
free drug (18, 121).

The side effects of an anti-Thy 1.2-targeted HPMA
copolymer�drug conjugate were also assessed by histo-
logical examination of the thymus, liver, spleen, heart and
kidneys. Morphological findings corroborated the results
obtained while testing the direct effect of antibody-target-
ed HPMA copolymer-bound drug on stem cells from the
bone marrow. Hyperplasia and pronounced irritation of
Kupffer cells in liver, as well as cardiotoxicity, were
observed only after injection of free daunorubicin, where-
as the antibody-targeted conjugate had no such patho-
logical effect (18). 

Possibility to overcome P-glycoprotein-mediated
multidrug resistance (MDR) 

Cancer is characterized by intra- and intertumor het-
erogeneity. Intertumor heterogeneity is responsible for
the different toxicity of similar conjugates compared in
different tumor models. Intratumor heterogeneity arises
during cancer progression from originally homogeneous
cell populations representing mostly drug-sensitive cells.
Depending on the type of cancer, and sometimes also as
a consequence of chemotherapy, MDR mutants appear in
originally homogeneous and sensitive cell populations.
This development of MDR is a major factor limiting the
response rate of cancer chemotherapy. Several mecha-
nisms of MDR have been reported. The MDR phenotype
is brought about by members of the ATP-binding cassette
(ABC) family of transporters, P-glycoprotein (Pgp) and
proteins of the MDR family (MDRP). P-glycoprotein func-
tions as an energy-dependent extrusion pump, causing
reduced intracellular drug retention and resulting in nar-
rowing of the therapeutic window between tumor-active
anticancer doses and the maximum tolerated dose (126-
128). The success of treatment of patients suffering from
chemoresistant cancer depends above all on the elimina-
tion of such MDR cancer cells.

It has been proposed (36, 129) that the different
mechanisms of uptake and intracellular trafficking of anti-
body-targeted HPMA-conjugated drugs (receptor-mediat-
ed endocytosis in membrane-limited organelles) in con-
trast to diffusion of the free drug might overcome, at least
partially, Pgp-mediated MDR by making the endosome/
lysosome-encapsulated drug inaccessible for Pgp. Thus,
we have tested three different antibody-targeted HPMA
conjugates of doxorubicin against the sensitive human
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Such antitumor defense reactions of the tumor-bear-
ing host are often depressed either primarily as a conse-
quence of extensive growth of the cancer, or secondarily
as a result of intensive treatment with classical cytostatic
drugs, which are generally immunotoxic. To achieve bet-
ter results in cancer therapy, a new generation of anti-
cancer drugs has to be developed to effectively kill inten-
sively proliferating cancer cells while simultaneously
sparing intensively proliferating cells of the immune sys-
tem, among others.

A series of experiments peformed in our laboratory
showed that the lysis of target EL4 tumor cells is
decreased if effector killer cells (CTLs and NK cells) are
isolated from C57BL/10 mice bearing mouse T-cell lym-
phoma EL4 and repeatedly treated with free doxorubicin.
If instead of free drug the mice were injected with the drug
conjugated to an HPMA copolymer carrier targeted with
anti-Thy 1.2 antibody, an efficient tumoricidal activity of
CTL and NK cells was observed. In fact, this was the first
report indicating that the targeted form of an HPMA
copolymer-bound cytostatic drug, in contrast to free drug,
protects the immune effector functions in tumor-bearing
animals (24, 124). Similarly, we have detected an impair-
ment of NK activity in nu/nu mice bearing human colorec-
tal cancer SW620 xenografts and treated with free dox-
orubicin, while a significant increase in NK activity was
observed in cancer-bearing mice treated with doxoru-
bicin-bound to an HPMA copolymer carrier (Òírová, to be
published).

There are indications that HPMA copolymer carrier-
bound drugs not only spare, but in some way mobilize,
the defensive antitumor response of the tumor-bearing
host. HPMA-bound doxorubicin targeted with selected
monoclonal antibodies, or even with a human polyclonal
IVIg, represents a very efficient treatment of experimental
cancer. Up to 40% of mice cured from mouse BCL1 cell
leukemia by doxorubicin�HPMA�B1 monoclonals and re-
transplanted with a lethal dose of the same malignant
cells survived without any other treatment. Similarly, up to
30% of experimental mice transplanted with mouse B-cell
lymphoma 38C13 and cured with doxorubicin�HPMA�
anti-CD71 monoclonals survived retransplantation with a
lethal dose of the same malignant cells. The same
applies to mouse T-cell lymphoma EL4, where up to 90%
of mice cured by doxorubicin�HPMA�anti-Thy 1.2 mono-
clonals survived retransplantation. If the mice developed
a tumor, its growth was considerably slower compared to
control mice (25, 124; KováÍ, to be published). Antitumor
efficacy and systemic anticancer immunity were also
demonstrated in mice bearing murine EL4 T-cell lym-
phoma and in nude mice bearing human colorectal carci-
noma SW620 treated with a doxorubicin�HPMA�IVIg
conjugate (Òírová et al., to be published). According to
our preliminary results, the establishment of systemic
immunity during treatment with antibody-targeted poly-
meric drugs requires a sufficient amount of antigen
(cancer cells) available for a certain period of time when
the immune system of the host is not yet exhausted
(KováÍ, to be published).

tumor markers, at least in some tumors. This approach is
based on transfer of selected genes into tumor cells and
subsequent utilization of these gene products as targets
for monoclonal antibodies (136), or for a monoclonal anti-
body-targeted polymeric drug. Thus, the question was
addressed whether the human colorectal cancer cell line
SW620 transfected with the mouse Thy 1.2 gene would
result in a xenogeneic gene-marked human cancer suit-
able for effective site-specific drug targeting. A monoclon-
al anti-Thy 1.2 antibody as targeting moiety and doxoru-
bicin as drug were conjugated to HPMA acting as a
carrier responsible for controlled intracellular drug
release. FACS analysis showed that the transfectant, the
SW620/T subline, binds the anti-Thy-1.2 monoclonal anti-
body and anti-Thy 1.2-targeted polymeric conjugate to
the same extent as do Thy-1.2+ mouse T-lymphocytes
and Thy-1.2+ mouse T-cell lymphoma EL4. No such bind-
ing was detected with the Thy-1.2� parent SW620 cancer
cell line (23). 

The conjugates of HPMA copolymer carrier-bound
doxorubicin targeted with an anti-Thy 1.2 monoclonal
antibody or its F(ab�)2 fragment specifically inhibited the
proliferation of only the transfectant SW620/T in a con-
centration-dependent manner in vitro. Nonspecific inhibi-
tion of the proliferation of the parental SW620 cell line
was seen only at very high concentrations of targeted
doxorubicin, probably reflecting a nonspecific accumula-
tion of the compound by fluid-phase pinocytosis (23).

These results represent the first indication of the suit-
ability of transfection of human cancer cells with a mouse
gene controlling the synthesis of a selected surface mark-
er for site-specific affinity therapy of malignancies. 

Dual cytostatic and immunomobilizing activity
of antibody-targeted HPMA-bound drugs

Efficient affinity therapy can eradicate cancer cells
with a sufficiently high density of cell-surface target anti-
gens. Cells with a low density or without target antigens,
which eventually prevail during cancer progression, rep-
resent minimal residual disease (MRD), which has to be
eliminated by the defense system of the cancer host.
Although there is still no direct evidence that immunosur-
veillance actually protects individuals from tumors,
numerous observations support the concept that cytolytic
(cytotoxic) T-lymphocytes (Tc lymphocytes, CTLs), natur-
al killer (NK) cells, lymphokine-activated killer (LAK) cells
and macrophages provide antitumor immunity in vivo.
The recognition machinery used by these cells is differ-
ent, while the mechanisms of target cell destruction are
similar. Two possible cytocidal mechanisms have been
proposed: 1) the apoptotic mechanism, in which the effec-
tor cell triggers an autolytic cascade in the target cell
characterized by prelytic fragmentation of the genomic
DNA; and 2) the lytic mechanism, in which lytic mole-
cules, notably perforin, are secreted by the effector cell
into the intercellular space and polymerize to form lytic
pores in the target cell membrane.
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complex, trigger a caspase-dependent apoptotic signal
that culminates in programmed cell death, or apoptosis
(141). It was initially thought that Fas/FasL-mediated
apoptosis is only involved in physiological thymocyte
clonal deletion, tolerance acquisition, immune response
termination and elimination of transformed and infected
cells. Recently, nonphysiological FasL expression has
been demonstrated in various cancer cell lines and in
several human malignancies in vivo. Fas counterattack
induced by FasL+ cancer cells in tumor-infiltrating Fas+

effector cells of the immune system might eliminate, or at
least minimize, any local antitumor immune response. 

It has also been reported that the treatment with anti-
cancer drugs such as doxorubicin, methotrexate, cytara-
bine, etoposide, cisplatin and others at therapeutic con-
centrations leads to the induction of FasL on cancer cells
(142, 143). As free drugs and polymer-bound drugs differ
in their intracellular accumulation and in their ability to
induce drug-dependent apoptosis (93, 140), we address-
ed the question of whether surface expression of FasL
could be reduced if malignant cells are exposed to a non-
targeted or antibody-targeted HPMA copolymer-bound
drug instead of free drug. Human colorectal cancer
SW620 cells exposed to free doxorubicin or nontargeted
or anti-CD71-targeted HPMA-bound drug were tested for
surface FasL expression by FACS. Significant expression
of FasL was observed only on the surface of SW620
cancer cells exposed to free doxorubicin, while on the
cells exposed to nontargeted or an anti-CD71-targeted
polymeric conjugate, FasL expression was not seen
(124). This suggests that the signals involved in the
increase of the surface expression of FasL are different in
malignant cells exposed to the free or polymer-bound
drug and that the administration of antibody-targeted
HPMA polymer-bound doxorubicin, which does not

These results strongly support our hypothesis that, in
addition to the proven cytostatic and cytotoxic activity, the
impressive antitumor effect of antibody-targeted HPMA
copolymer carrier-bound doxorubicin is also due to its
remarkable immunoprotective and immunomobilizing
activity. It is thought that, immediately after injection, due
to the high levels of the drug, the primary activity of the
polymeric conjugate is cytotoxic and cytostatic. Sub-
sequently, long-term circulating HPMA-bound drug, at
concentrations lower than the minimal inhibitory levels,
mobilizes the defense mechanisms of the host (Fig. 3).

It was recently observed that stress proteins such as
HSP70 stimulate immature dendritic cells (DC). Dendritic
cells, which often infiltrate tumors, are potent APCs with
the unique capacity to initiate primary immune responses.
After binding antigen in the cancer tissue, they move to
lymph nodes and activate T-cells. Activated effector T-
lymphocytes by themselves or with the help of other cells
of the defense system (macrophages, granulocytes, NK
cells) kill cancer cells. It was reported that stress proteins
are not released and thus the dendritic cells are not acti-
vated during apoptosis (137-139). This might explain why
free drugs regularly induce only apoptosis and do not
stimulate the immune response in vivo. As cancer cells
exposed to antibody-targeted HPMA-bound drug die
mostly by necrosis (93, 140), stress proteins released
during necrotic death in large amounts might be involved
in the immunostimulatory and immunomobilizing activity
of antibody-targeted HPMA-bound drugs in vivo.

Other available data might also explain an immuno-
protective effect of antibody-targeted HPMA-bound doxo-
rubicin. One of the mechanisms by which malignant cells
escape immune surveillance is Fas counterattack. The
Fas receptor (Fas, FasR, APO-1, CD95) and its ligand
(FasL, CD95L) are transmembrane proteins which, in
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doxorubicin�HPMA�IVIg, the amount of doxorubicin in
the blood of the first patient represented 70% of the inject-
ed dose, after 72 h it was 22% of the injected dose, and
after 21 days about 1-2% of the injected dose remained
(25, 28). In agreement with the data from clinical trials
reported for nontargeted HPMA copolymer carrier-bound
doxorubicin (PK1) (73, 145) and with the data obtained in
experimental animals injected with nontargeted and anti-
body-targeted HPMA copolymer-bound daunorubicin
(121), it was observed that the conjugate is stable and
doxorubicin remains in the peripheral blood and urine,
mostly in the polymer-bound form (27-29).

More than 116 biochemical and immunological para-
meters were tested in blood samples taken from the
patients at different time intervals. A decrease of some
parameters with pathological values before treatment
was seen, and physiological values were even occasion-
ally reached, including some tumor markers. Myelosup-
pression and cardiotoxicity were not observed. Doxo-
rubicin�HPMA�IVIg does not induce an antibody
response in the recipient organism, as up to 7 months
after the first treatment of the first patient and more than
5 months after the first treatment of the second patient,
ELISA did not reveal the presence of serum anti-human
Ig antibodies (27-29).

The absolute number of CD16+56+ and CD4+ cells
was increased in the peripheral blood and activation of
NK and LAK cells was seen in patients 72 h after the
treatment, supporting data previously obtained in experi-
mental animals pointing to a dual cytostatic and
immunomobilizing character for doxorubicin�HPMA con-
jugates containing a targeting immunoglobulin moiety
(26-29, 124).
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