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Abstract Linkage of doxorubicin (Dox) to a water-sol-
uble synthetic N-(2-hydroxypropyl)methacrylamide co-
polymer (PHPMA) eliminates most of the systemic
toxicity of the free drug. In EL-4 lymphoma-bearing
C57BL/6 mice, a complete regression of pre-established
tumours has been achieved upon treatment with Dox–
PHPMA–HuIg conjugate. The treatment was effective
using a range of regimens and dosages, ranging from
62.5 to 100% cured mice treated with a single dose of
10–20 mg of Dox eq./kg, respectively. Fractionated
dosages producing lower levels of the conjugate for a
prolonged time period had substantial curative capacity
as well. The cured mice developed anti-tumour protec-
tion as they rejected subsequently re-transplanted ori-
ginal tumour. The proportion of tumour-protected mice
inversely reflected the effectiveness of the primary
treatment. The treatment protocol leading to 50% of
cured mice produced only protected mice, while no mice
treated with early treatment regimen (i.e. starting on day
1 after tumour transplantation) rejected the re-trans-
planted tumour. Exposure of the host to the cancer cells
was a prerequisite for developing protection. The anti-
tumour memory was long lasting and specific against the
original tumour, as the cured mice did not reject another
syngeneic tumour, melanoma B16-F10. The immunity
was transferable to naı̈ve recipients in in vivo neutral-
ization assay by spleen cells or CD8+ lymphocytes de-
rived from cured animals. We propose an effective

treatment strategy which eradicates tumours without
harming the protective immune anti-cancer responses.
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Introduction

Many drug delivery systems have been developed to
improve the therapeutic effect of cytotoxic drugs and to
reduce their systemic toxicity. The concept of macro-
molecular carriers of low-molecular-weight (anti-cancer)
drugs has evolved continuously over the last century,
being started in 1906 with the Ehrlich’s ‘‘magic bullet’’
phrase [1] and accomplished with the concept of the use
of polymers as targeted drug carriers by Ringsdorf in
1975 [2]. Macromolecular drugs based on N-(2-hy-
droxypropyl)methacrylamide (HPMA) copolymers
(PHPMA) possess a higher anticancer efficacy and better
pharmacokinetic profile than their low-molecular-weight
counterparts. The rationales for the use of HPMA-based
conjugates are biocompatibility of the polymeric carrier,
solubilization of hydrophobic drugs, targetability, and
preferential accumulation in solid tumours due to en-
hanced permeability and retention (EPR) effect [3, 4].
Passive targeting of the macromolecular compound
to the tumour is due to increased permeability of
discontinuous vascular endothelium, which allows
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extravasations of macromolecules into the interstitial
space of the tumour tissue, and the poor lymphatic
drainage, which hampers elimination of accumulated
macromolecules from the site. The accumulation and
retention of polymeric drugs are greatly enhanced in
tumour tissue compared with those in normal tissue.
This EPR effect is applicable to macromolecules and
lipid particles, but not to low-molecular-weight drugs
[5, 6], to which category most of clinically relevant
cytotoxic drugs belong.

Doxorubicin (Dox) possesses a broad spectrum of
anti-cancer activities and is used in chemotherapy of
various cancers, including adenocarcinomas, melano-
mas, sarcomas, lymphomas and leukaemia’s. As with
other cytostatic drugs, its acute and cumulative dose-
related toxicity poses a major obstacle in therapeutic
outcomes, with cardiotoxicity and myelotoxicity being
the most dangerous side effects [7]. It has been repeat-
edly documented that Dox and other cytostatic or
immunosuppressive drugs conjugated to PHPMA co-
polymer show reduced non-specific toxicity and better
therapeutic profile [8–10]. Different intracellular
trafficking of these conjugates in membrane-limited
organelles in contrast to free diffusion for low-molecu-
lar-weight compounds might partially overcome P-gly-
coprotein (Pgp)-mediated multidrug resistance [11, 12].
The PHPMA–Dox conjugates have been shown to have
anti-tumour effect in vitro and in vivo [13, 14].

Immunotherapeutic strategy of tumour treatment
does not rely solely on targeting the tumour cells
themselves; by trying to induce anti-cancer mechanisms
or to increase immunogenicity of the tumour cells or
both it strives to induce the active reaction of the host to
the cancer. However, immunotherapy as a single treat-
ment modality is generally effective against small tu-
mours ( < 3 mm in diameter) in animal models of
cancer [15]. Larger tumours appear either to impair the
anti-tumour immune response or avoid it [16, 17].
Combination of an agent of proven clinical utility such
as chemotherapy or radiotherapy together with immu-
notherapy therefore could form an ideal basis for ther-
apeutic success. Indeed, it may only be effective if the
conventional treatment is not overtly suppressive to the
host’s immune anti-tumour responses. Therefore, it is
emphasized that a compound having its own anti-
tumour efficacy together with protective effect on the
immune anti-tumour functions could be an optimal tool
for effective tumour treatment strategy.

A copolymer conjugate Dox–PHPMA–HuIg has al-
ready been evaluated in a pilot study and displayed a
good performance in patients with disseminated cancers.
All patients (8 so far) showed good tolerance of the
conjugate and partial clinical response or stabilization of
the disease lasting for months. Five patients were tested
for selected immune anti-cancer responses. Three of
them displayed periodical activation of natural killer
(NK) cells and lymphokine-activated killers (LAK) fol-
lowing the conjugate administration [18, 19], and the
other had increased NK or LAK activity after at least

one conjugate administration. This finding was sugges-
tive of a possible activation of anti-cancer immune
mechanisms.

In order to analyse the anti-cancer effects of the Dox–
PHPMA–HuIg conjugate, we performed a series of
experiments with C57BL/6 mice bearing syngeneic T cell
lymphoma EL-4.

Materials and methods

Cell lines

Mouse T cell lymphoma EL-4 (ATCC TIB-39) and
subline EL-4.IL-2 (ATCC TIB-181) were purchased
from ATCC and grown in RPMI 1640 medium con-
taining 10% foetal calf serum (RPMI-10), antibiotics
(penicillin/streptomycin, Sigma, USA) and supple-
mented with 4 mM L-glutamine, 0.05 mM 2-mercapto-
ethanol, and 4.5 g/l glucose. B16-F10 melanoma [20]
was kindly donated by Prof. M. Pospisil, Institute of
Microbiology ASCR, and was grown in RPMI-10
medium with antibiotics, 2 mM L-glutamine, and
0.05 mM 2-mercaptoethanol.

Animals, models of tumour growth

Male C57BL/6 mice (B/6) were from the Animal Facility
of the Institute of Physiology, AS CR, and female nu/nu
CD-1 mice from the Institute of Molecular Genetics,
ASCR. Mice were 2–3 months old at the start of
experiments and were given food and water ad libitum.

The C57BL/6 mice (minimum 8 per group) were in-
jected subcutaneously (s.c.) into the right shaven ridge
with 1 · 105 EL-4 cells or 1 · 106 B16-F10 melanoma
cells to produce continuously growing solid tumours.
Nu/nu mice were s.c. injected with 5 · 105 EL-4.
Tumour sizes were measured with callipers in two
perpendicular diameters every 2 days and expressed as
tumour volume V = a · b2/2 (a = longer diameter,
b = shorter diameter). Survival time was regularly
scored.

Conjugate synthesis and characterization

The Dox–PHPMA–HuIg conjugate was prepared from
the polymer precursor—a random copolymer of HPMA
with methacryloylglycyl-D,L-phenylalanyl-L-leucylglycine
4-nitrophenyl ester (Ma–Gly–Phe(D, L)–Leu–Gly–ONp)
by consecutive aminolysis with HuIg (Intraglobin F,
human immunoglobulin suitable for intravenous use,
Biotest Pharma GmbH, Germany) and Dox hydro-
chloride (Dox.HCl) (Adriblastina CS, Pharmacia &
Upjohn, USA) using a modified procedure originally
described in [21]. HPMA was prepared by modified
method of methacryloylation of 1-aminopropan-2-ol
with methacryloyl chloride [21] carried out in methylene
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chloride containing sodium bicarbonate, Ma–Gly–
Phe(D, L)–Leu–Gly–ONp was prepared from methacry-
loyl chloride and respective dipeptides using the
methods of peptide synthesis [21], and reactive polymer
precursor was prepared by radical precipitation copo-
lymerization of HPMA with Ma–Gly–Phe(D, L)–Leu–
Gly–ONp in acetone (initiator AIBN, 0.6 wt%;
concentration of monomers 12.5 wt%; molar ratio
HPMA: reactive esters 12:1; 60�C; 24 h) as described
earlier [21].

Aminolytic reaction of the polymer precursor with
Dox.HCl and HuIg was performed in water as follows:
The polymer precursor (13.5 g) was dissolved in ice-
cooled double-distilled water (150 ml) vigorously stirred
in Erlenmayer flask on ice bath (approx. 30 min). A
total of 75 ml of a solution of HuIg (4.5 g) in double-
distilled water (isolated from its dosage form Intraglobin
F by ultrafiltration in an Amicon cell using Millipore
membrane with cut-off 100,000) was added, the pH of
the reaction mixture was adjusted to 7.8 (pH-stat) and
the mixture was stirred at 10�C for 30 min. Temperature
was raised to 20�C and an original solution of Adri-
blastina (1.15 g Dox.HCl, 575 ml) was added in small
portions within 1 h. pH was kept at 7.8 (pH-stat, sodium
tetraborate) for another 18 h, the reaction was stopped
by adding 0.5 ml of 1-aminopropan-2-ol and the mix-
ture was left overnight in a refrigerator. The rough
product was purified by gel filtration after adjusting pH
to 6.5 on a column filled with Sephadex G-25 Medium
using double-distilled water as eluent. Purified conjugate
was freeze-dried.

As a control, polymer conjugates Dox–PHPMA and
PHPMA–HuIg were prepared, Dox–PHPMA using a
procedure described in [22] (Mw = 24.8 kDa, Dox con-
tent 5.1 wt%) and PHPMA–HuIg using a modified
method described above for Dox conjugate (no Dox.HCl
added) (Mw = 1,000 kDa, content of HuIg 18 wt%).

The polymer precursor and polymer conjugate were
characterized by composition of the oligopeptide spacer
and a content of HuIg in the conjugate using amino acid
analysis (Amino Acid Analyser LDC Analytical, pre-
column OPA derivatization), weight- and number-
average molecular weights (LC Äkta Explorer equipped
with RI and multiangle LS DAWN-DSP-F (Wyatt
Technology) detectors using Superose 6 (Pharmacia)
column), and content of Dox (UV–VIS spectropho-
tometry, e = 11,500 l/mol/cm, k = 488 nm, water).

The conjugate was tested for the contents of free
polymer, free drug or free antibody by combination of
methods: FPLC, electrophoresis (Pharmacia-LKB Phast
System, SDS-PAGE) and extraction combined with
HPLC. Neither method showed significant amounts of
free antibody or freeDox in the conjugate. Characteristics
of the conjugate: composition of the spacer Gly:L-Phe:D-
Phe:L-Leu 2.03:0.53:0.47:1.0; molecular weight of the
polymer (polymer precursor) Mw = 25.0 kDa, molecu-
lar weight of the conjugateMw = 900 kDa,Mw/Mn � 4,
Dox content = 4.75 wt%, HuIg content = 16 wt%,
content of free Dox < 1% of the total Dox content.

Proliferation assay in vitro

The subline EL-4.IL-2 was chosen for in vitro assays
because the original cell line EL-4, forming solid tu-
mours in mice does not incorporate [3H]thymidine at a
sufficient quantity. The cells were collected from an
exponential growth phase culture, washed, and loaded
into 96-well culture plates (Nunc, Denmark). The tested
samples were then added (0.05 ml) so as to achieve the
desired concentrations and 0.25 ml final volume, 5 · 104

cells per well. The plates were cultivated for 2 days, with
0.5 lCi of [3H]thymidine added in 0.05 ml for the last
4 h. The cell proliferation was evaluated through the use
of automatic cell harvestor (Tomtec Mach III, USA),
and solid scintillator Meltilex (Wallac, Finland) for
counting in 1450 Microbeta Trilux (Wallac, Finland).

Treatment, tumour protection assay

Therapeutic setting

Drugs were administered when the tumours were well
established (day 8–9 post-transplantation), either as a
single dose administered intravenously (i.v.; 10–
20 mg Dox eq./kg) or divided into five or ten doses gi-
ven intraperitoneally (i.p.). Only mice with developed
tumour of appropriate size were selected and
randomized for the therapeutic regimen experiments.
Early treatment setting: A total dose of 20 mg Dox eq./
kg divided into five equivalent doses, given i.p. every
other day starting on day 1 after tumour transplanta-
tion. Commercial dosage form of Dox was used (Adri-
blastina CS, Pharmacia & Upjohn, USA), diluted in
sterile saline before injection. Detailed dosage and times
of administration are given in Results. The doses of
polymeric conjugates were determined as equivalents of
Dox/kg, based on the mean body weight in every
experimental group at the time of the first drug admin-
istration.

The treated mice surviving at least 60 days without
tumour were considered long-term survivors (LTS). To
evidence their tumour resistance, the LTS were injected
with 1 · 105 living EL-4 cells or 1 · 106 B16-F10 cells
s.c. and left without treatment. Tumour growth and
survival were monitored.

In vivo tumour neutralization (Winn’s assay)

To determine whether the LTS-derived lymphocytes
were able to destroy living tumour cells, we performed
the in vivo neutralization assays (Winn’s assay) [23, 24].
Spleens were removed from the cured mice, washed,
counted and 1 · 107 cells mixed with the living 1 · 105

EL-4 cells (ratio 100:1) and injected s.c. to naı̈ve mice.
CD8+ cells were isolated from spleens using Spin Sep cell
enrichment procedure (StemCell Technologies, USA),
in which the CD8+ were negatively selected. FACS
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analysis revealed that 96% of the resulting population
were CD3+CD4�CD8+ lymphocytes. CD8+ cells were
mixed with 1 · 105 EL-4 at a ratio lymphocyte:tumour
cell = 20:1 and 10:1, respectively, assuming that
approximately 10% of normal spleen cell population is
CD8+. Mice in the control group received the respective
cell population taken from naı̈ve donors together with
the tumour cells. All mice in control groups became
moribund at the same time as control mice receiving the
tumour cells only.

Ag-specific response in vitro

Re-stimulation of LTS-derived spleen cells was per-
formed using mitomycin C-treated EL-4 cells as the
specific antigen. A total of 5 · 107 EL-4 cells/ml were
incubated in PBS with 0.05 mg/ml fresh mitomycin C
(Sigma, USA) in the dark for 20 min at 37�C, and
thoroughly washed (four times) with RPMI-10 medium.
The spleen cells (4 · 105) were incubated with 4 · 104

mitomycin-treated EL-4 cells in a 2 ml volume in 24-well
culture plates (Nunc, Denmark) for 6 days. Mitomycin
C-treated B16-F10 melanoma cells were used as a con-
trol stimulus and naı̈ve spleen cells were employed for
comparison with LTS-derived ones.

The cytotoxicity assay was performed with EL-4.IL-2
cells as the targets, labelled with [3H]thymidine (JAM
technique) [25], using several effector:target ratios. The
IFNc detection in supernatants of re-stimulated cells
was done by capture ELISA (antibody pair, Pharmin-
gen, USA), protocol as recommended by the producer,
and with murine rIFNc (Peprotech, Asia) as a standard.

Histology

Tumours from treated animals and from untreated
animals as a control were dissected at times specified in
Results, as well as spleen, liver, lung, and kidney, fixed in
5% formalin and embedded in paraffin. The sections
were stained with haematoxylin/eosin.

Statistical analysis

All in vivo experiments were repeated at least once, with
similar results obtained. Results were expressed as
means and SD, and the Student’s t test was used for
evaluating statistical significance. P < 0.05 value was
considered significant.

Results

In vitro activity of Dox bound to PHPMA copolymer

The Dox–PHPMA–HuIg (Fig. 1) conjugate was poorly
active against EL-4.IL-2 lymphoma cells in

>vitro. Incubation of EL-4.IL-2 cells with Dox-con-
taining polymeric conjugates and free Dox.HCl for
2 days showed a large difference in the sensitivity of
the EL-4.IL-2 cells to polymer-bound and free
Dox.HCl, respectively (Fig. 1). The IC50 values of
polymeric conjugates with or without HuIg were
similar.

High IC50 values were in accordance with the as-
sumed negligible binding capacity of the Dox–
PHPMA–HuIg conjugate to EL-4 and EL-4.IL-2
lymphoma cells. This was also documented by FACS
analysis which did not reveal any HuIg-mediated
binding of the conjugate to the surface of EL-4 cells
(not shown).

Fig. 1 Structure of the Dox–PHPMA–HuIg conjugate. The Dox–
PHPMA–HuIg conjugate consists of the HPMA [poly-N-(2-
hydroxypropyl)methacrylamide] backbone, which was modified
by biodegradable oligopeptide side chains terminating in the
targeting immunoglobulin molecules, and the drug (Dox) randomly
distributed along the polymer chain. Structure of the Dox–
PHPMA conjugate is identical, except that it does not contain
the immunoglobulin molecule, and the side chains end with Dox
only (z = 0). Comparison of the IC50 values of the free Dox and
HPMA-based conjugates Dox–PHPMA and Dox–PHPMA–HuIg:
IC50 values were calculated as the concentration of Dox which
inhibits the incorporation of [3H]thymidine to 50% of the control
level. The EL-4.IL-2 cells were incubated at 5 · 104 per well with
different concentrations of the tested samples for 2 days, and
proliferation of cells was measured by [3H]thymidine incorpora-
tion. Data are representative of at least three independent
experiments
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Anti-tumour effect of non-targeted polymer-bound Dox
and HuIg-targeted Dox in vivo

The EL-4 tumours grew progressively in untreated B/6
mice, generally developing palpable tumours (5–8 mm in
diameter) on day 8–9. At this time, percentage of mice
with developed tumours generally exceeded 90%. Death
of untreated controls occurred between 29 and 38 days
(average survival time 32.4 days, SD 1.007, median 32;
n = 62). No spontaneous tumour regression was re-
corded in untreated animals. Therapy schemes were
largely designed as therapeutic, so that established tu-
mours were treated, starting usually on day 9 after the
transplantation. Dox–PHPMA–HuIg treatment signifi-
cantly reduced the tumour growth rate in EL-4 lym-
phoma-bearing B/6 mice (Fig. 2a, c) and, consequently,
extended the survival (Fig. 2b, d). The non-targeted
conjugate Dox–PHPMA also suppressed the tumour
growth, but was less effective than the HuIg-containing
conjugate (Fig. 2a, b) in any in vivo assessment. Dif-
ference between the efficacy of the Dox–PHPMA and
the Dox–PHPMA–HuIg conjugate was significant
(Fig. 2a, b). On repeated administration, Dox-free
vehicle (conjugate PHPMA–HuIg) did not convey any
growth reduction advantage (Fig. 2a, b).

Notably, the curative effects of the Dox–PHPMA–
HuIg conjugate were evident at different treatment
schedules (Table 1). We used either a single dose of the
conjugate, injected i.v. on day 9 or 10, which led to a
high conjugate concentration after the administration.
The effectiveness of this treatment was proportional to
the conjugate dose; with maximum dose equivalent of
20 mg Dox/kg injected i.v. This dose cured all treated
mice, and was still tolerated by the recipients. On the
other hand, fractionated dosage also proved to be suc-
cessful. A total of 20 mg Dox eq. given as five partial
doses i.p. produced 55.2% of cured mice and prolonged
survival in the remaining mice due to treatment-induced
tumour growth reduction (Table 1).

A lower Dox–PHPMA–HuIg conjugate dose
(15 mg Dox/kg) producing 81% cures when given as a
single injection i.v. proved fully curative when divided
into ten consecutive low doses administered i.p. on days
3, 6, 8, 10, 12, 14, 16, 18, 20, and 22 (Table 1). In the
course of the treatment, palpable tumours were mani-
fested in all treated mice between days 10–14. All tu-
mours regressed until day 20. Thus, lower levels of the
drug administered over an extended time periods were
also sufficient to completely suppress the tumour
growth.

Fig. 2 Tumour growth and survival of B/6 mice treated with Dox–
PHPMA–HuIg. a, b The mice were transplanted s.c. with 1 · 105

EL-4 lymphoma cells (day 0) and treated in the therapeutic setting
with Dox–PHPMA–HuIg, Dox–PHPMA, Dox-free vehiculum
PHPMA–HuIg, and free Dox (Adriblastina CS, Pharmacia &
Upjohn, USA). Total dose of polymeric conjugates was

20 mg Dox eq./kg, divided into five doses injected i.p. on days
12, 14, 16, 19, and 21. Free Dox was injected i.p. in a total dose of
12.5 mg/kg, time schedule as above. Statistical significance:
*P < 0.05 and **P < 0.01. c, d The EL-4-bearing B/6 mice were
treated with a single dose of the Dox–PHPMA–HuIg conjugate,
Dox eq. 15 mg/kg, injected i.v. on day 10
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For comparison, the non-targeted Dox–PHPMA
conjugate produced 12.5% of LTS using the fractio-
nated dosage (20 mg Dox/kg injected in five doses i.p.,
days 10, 12, 14, 16, and 19), and 69% of LTS, using
single dose (15 mg Dox/kg injected i.v., day 9). Lower
dose of the Dox–PHPMA conjugate (10 mg Dox/kg
injected i.v., day 9) cured only 25% of mice.

Activity of the Dox–PHPMA–HuIg conjugate in other
in vivo models

In nude mice bearing the EL-4 lymphoma, the tumour
growth reduction resulting from the Dox–PHPMA–
HuIg therapy was remarkable until day 30 post-tumour
transplantation. At that time, the tumours in the treated
group started progressive growth (Fig. 3). Yet the trea-
ted mice revealed prolonged survival (mean 49, median
53.5 days vs. mean 37, median 37.5 days in untreated

controls). No complete cure was recorded in nude mice
after the treatment with the Dox–HPMA–HuIg conju-
gate.

In B/6 mice with another syngeneic tumour, B16-F10
melanoma, the therapeutic effect of the Dox–PHPMA–
HuIg conjugate showed measurable slowing down of
tumour progression (mean survival 50.5 days vs.
37.2 days in the untreated group, P < 0.05) (Fig. 3),
but survival extension was less pronounced than in
syngeneic EL-4 lymphoma model. No tumour regression
was recorded in B/6 mice-bearing B16-F10 melanoma
treated either with fractionated dosage (as in Fig. 3) or
with a single dose eq. 15 mg Dox/kg (not shown).

Tumour resistance in EL-4-cured animals

Importantly, in a significant proportion of the Dox–
HPMA–HuIg treatedEL-4-bearing B/6mice the tumours

Table 1 Therapeutic dosages and effectiveness of the treatment with Dox–PHPMA–HuIg conjugate in EL-4-lymphoma-bearing B/6 mice

Total dose
(mg Dox/kg)

Number
of dosesa

Administration Cured mice (%) Mean survival of the
treated mice that
developed tumour (days)

20 1 i.v. 100 –
20 5b i.p. 55.2 52.2c

15 1 i.v. 81 52.8c

15 10d i.p. 100 –c

10 1 i.v. 62.5 45.5c

aSingle doses were injected as therapeutic, on day 9 after tumour transplantation
bAdministration of the conjugate on days 10, 12, 14, 17, and 19
cMean survival of untreated control mice with s.c. transplanted EL-4 lymphoma was 32.4 days (SD 1.007)
dAdministration of the conjugate on days 3, 6, 8, 10, 12, 14, 16, 18, 20, and 22

Fig. 3 Efficacy of the Dox–PHPMA–HuIg tretatment in other in
vivo models. Tumour growth of EL-4 lymphoma in nu/nu mice:
CD-1 nu/nu mice were transplanted s.c. on day 0 with 5 · 105 EL-4
and treated with five doses of Dox–PHPMA–HuIg (total
20 mg Dox eq./kg), injected i.p. on days 11, 14, 16, 18, and 21.
No complete cure was recorded in nude mice with EL-4 lymphoma.

Tumour growth in the B/6 mice with syngeneic melanoma B16-
F10: 1 · 106 melanoma cells were transplanted s.c., and the
treatment with Dox–PHPMA–HuIg was again therapeutic. Total
dose 20 mg Dox eq./kg, injected on days 11, 14, 16, 18, and 21. No
complete cure of melanoma was seen. Control—non-treated mice.
Results of representative experiments are shown
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regressed. The regression was due to involution and
resorption of the tumourmass. The proportion of theLTS
depended on the treatment schedule (Table 2). The regi-
men using five partial doses given i.p. every other day
(total dose 20 mg Dox eq./kg) was far less effective, but
still curedmore than a half of treatedmice (in total, 55.2%
of mice cured, n = 29). By contrast, the EL-4-bearing
mice could be completely cured with one single dose
(20 mg Dox eq./kg) of the conjugate, given i.v. on day 9
or 10. This was the highest single dose used in our exper-
iments. It cured 100%mice without any early toxic death
(Table 2), but was near the maximum tolerated dose,
because the body weight of the treated mice dropped
significantly. The decrease was 20%, peaking 7 days after
the conjugate administration.

In any of our experiments, irrespective of the conju-
gate dose and therapeutic regimen, more than 50% of
the cured mice developed effective protection against the
same tumour, as they survived a subsequent challenge by
a lethal dose of viable tumour cells (Table 2). The per-
centage of the mice surviving the tumour re-challenge
indirectly reflected the efficacy of the primary therapy
(Table 2). Sixty-six per cent of the LTS re-transplanted
with the same tumour as late as 6 months after the
primary therapy were still resistant to the same tumour.

The presence of a significant load of tumour cells
during the treatment course was apparently important
for the protection development. This was confirmed
in experiments using early treatment regimen of the
treatment. EL-4 bearing mice were efficiently cured
(80%, n = 10) when the Dox–PHPMA–HuIg conjugate
was injected five times every other day (total
20 mg Dox eq./kg) starting on day 1 after the tumour
transplantation (Table 2). However, the cured mice re-
vealed no tumour protection, as they did not survive the
subsequent tumour challenge and died exactly as control
untreated mice.

The protection was specific for the original tumour.
Mice that previously rejected the EL-4 tumour due to
the Dox–HPMA–HuIg therapy were subsequently

challenged either by the original tumour (1 · 105 EL-4
cells s.c.), or by another syngeneic tumour (1 · 106 B16-
F10 cells s.c) Fig. 4. The LTS re-challenged by the same

tumour were protected and did survive without any tu-
mour growth (Fig. 4a). By contrast, all LTSs cured from
EL-4 lymphoma and transplanted with a tumour of
different type (syngeneic melanoma B16-F10), finally
developed tumours and died (Fig. 4b). The tumour
growth was delayed (Fig. 4b, inset) and survival time
was longer compared to melanoma-bearing mice with no
previous tumour history (Fig. 4b), suggesting that mul-
tiple mechanisms were involved in the control of the
tumour growth.

Transfer of LTS-derived lymphocytes to naı̈ve mice

Transfers of cells derived from cured mice to naı̈ve
recipient were performed to document that the anti-
tumour protection was mediated by lymphocytes. The
mice that had previously rejected the EL-4 tumour due
to the Dox–PHPMA–HuIg therapy were donors of
spleen lymphocytes. In in vivo neutralization assay
(Winn’s assay), in which the lymphocytes were injected
to naı̈ve recipients s.c. together with 1 · 105 live EL-4
cells, lymphocytes of Dox–PHPMA–HuIg-cured mice
prevented tumour development in the naı̈ve recipients
(Fig. 5). Given that the lymphocytes were taken from
donors that proved resistant by repeated challenge with
the EL-4 lymphoma, the protection rate was 100%. If
the lymphocyte donors were mice cured from the EL-4
lymphoma with a single administration of the Dox–
PHPMA–HuIg conjugate, the protection of naı̈ve
recipients was less effective, but still significant (Fig. 5).

We also performed experiments with isolated CD8+

cells. On day 45, post-tumour transplantation, the CD8+

lymphocytes were isolated from spleens of B/6 mice after
complete tumour regression following the treatment with
Dox–PHPMA–HuIg (15 mg Dox eq./kg). 42.9% (three
out of seven) mice injected with 2 · 106 CD8+ lympho-
cytes and 1 · 105 EL-4 were fully protected by trans-
ferred cells, as they did not develop any tumour. The
recipient protection depended on the number of
transferred CD8+ cells, as animals receiving only 1 · 106

of CD8+ cells revealed almost no protection (Fig. 5).
A prolonged lifespan and survival > 50 days after

Table 2 Effectiveness of the primary treatment of EL-4 lymphomas in C57BL/6 mice and proportion of tumour-resistant long-term
survivors

Treatment with Dox–PHPMA–HuIg Pa Tb Tb Tb Tb Tb

Dose (Dox eq. mg/kg) 5 ·, total 20 5 ·, total 20 1 ·, total 10 1 ·, total 15 2 ·, total 15 1 ·, total 20
Route of administration i.p. i.p. i.v. i.v. i.v. i.v.

Complete regression of primary tumour (%) 80 55.2 62.5 81 88.9 100
Mice resistant to a second tumour (%)c 0 100 ND 66.7 ND 50

Summary data from all experiments are listed
P protective treatment scheme, T therapeutic scheme, ND not determined
aThe therapy started on day 1 after tumour transplantation and was given as five equal doses injected every other day
bThe first or the single dose was given when tumours were well established, usually on day 9–10 post-transplantation
cThe resistance in long-term survivors was verified by the injection of 1 · 105 EL-4 tumour cells s.c. After the tumour transplantation, the
mice were left without treatment
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the cell transfer was recorded in just one mouse of this
group, albeit with a slowly growing tumour.

In vitro activities of LTS-derived lymphocytes

The cytotoxic response of spleen cells freshly isolated
from spleens of EL-4-cured animals 60 days after the
tumour transplantation was negligible, and so was the
response of naı̈ve cells. When the LTS-derived lym-
phocytes were re-stimulated in vitro by cultivation with
mitomycin C-treated EL-4 cells and/or mitomycin C-
treated B16-F10 melanoma cells as a control, an
enhancement of the specific cytotoxic response over the
naı̈ve splenocytes was evident (Fig. 6a). The LTS-de-
rived lymphocytes killed more EL-4 cells than naı̈ve
lymphocytes, while the non-specific response in LTS-
derived and naı̈ve cells was comparable. However, the
difference between LTS-derived and naı̈ve cells was ra-
ther small. IFNc detection in supernatants of the in vitro
re-stimulated cells revealed far stronger differences be-
tween immune (LTS-derived) and non-immune (naı̈ve)
cells (Fig. 6b). The IFNc secretion was faster in LTS, as
the EL-4-restimulated splenocytes of LTS showed high
IFNc production soon (24 h, Fig. 6b) after in vitro re-
stimulation, while naı̈ve splenocytes did not produce
substantial levels of IFNc. The IFNc production was
tested at further intervals until 4 days after the in vitro
re-stimulation. At all intervals, the LTS-derived spleen
cells produced higher IFNc levels than their naı̈ve
counterparts (not shown).

Histological analysis of regressing tumours

Histological analysis of the tumours revealed that in EL-
4 lymphoma-bearing mice the cancer cells propagated to
organs in the far progressed stages of the tumour
development. As late as 3–4 weeks after the tumour cell
transplantation, overt micrometastases appeared in

spleens of untreated EL-4-bearing mice. Along with the
appearance of compact tumour infiltrates in the spleen,
the architecture of white pulp follicles was effaced,
pointing to probable impairment of immune responses
together with the propagation of the tumour. This
finding conforms to our previous finding that in EL-4-
bearing mice, some antibodies against the tumour cell
were found in the sera of animals treated with HPMA-
based Dox-containing conjugate, and the titre peaked on
day 15 post-tumour transplantation [26]. Since in these
mice the subcutaneous tumours after the day 15 formed
a mass greater than 1 cm in diameter, it could be
emphasized that later in the tumour development the
antibodies were absorbed by binding to the tumour.

A continuous collateral layer was found at the
periphery of tumours regressing due to treatment with
the Dox–PHPMA–HuIg (10 mg Dox/kg, injected i.v. on
day 10, see Table 1). The layer was formed by mono-
nuclear cells, probably of inflammatory origin (Fig. 7a).
On the contrary, progressively growing tumours of non-
treated animals only showed scarce to minimal round-
cell demarcation, although some perifocal oedema and
scattered patches of haemorrhage were seen (Fig. 7b).
The same was found by the analysis of tumour in one
Dox–PHPMA–HuIg-treated mouse; the tumour growth
was arrested due to the treatment (10 mg Dox/kg, in-
jected i.v. on day 10), but finally resumed its growth
(Fig. 7c).

Discussion

The Dox–PHPMA–HuIg conjugate has been designed
with the aim of treating patients with solid tumours. In
humans, identifying suitable tumour-associated antigens
for targeting is still limited for most cancers, and the
results so far obtained from clinical trials are not satis-
factory to become good Ag-specific therapy [27]. The
rationale for using intravenous immunoglobulin (IVIg),
an effective therapy of autoimmune conditions, in the

Fig. 4 Survival of EL-4-cured LTS, transplanted with second
tumour. a The mice were re-transplanted with the same tumour,
i.e. 1 · 105 EL-4 cells s.c. Primary treatment of the mice was as in
Fig. 1a, b. Control—naı̈ve mice transplanted with the same number
of EL-4 cells. b EL-4-cured LTSs as in (a) were transplanted with
non-cross-reacting melanoma B16-F10 to demonstrate the speci-

ficity of the anti-tumour memory. Control—naı̈ve mice trans-
planted with the B16-F10 melanoma, 1 · 106 cells s.c. The
difference in the survival between LTS and control mice was not
statistically significant. b (inset) Growth of the B16-F10 melanoma
tumours in EL-4-cured LTSs and in control mice
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treatment of cancer stems from the bi-directional rela-
tionship between autoimmunity and cancer. IVIg exerts
certain immunomodulatory effect [28]. It is believed that
it operates in many different ways, which probably act
together in a synergistic manner. Some anti-cancer effect
of the human IVIg has already been described in
experimental mouse system with tumours of mouse and/
or human origin [29]. Enhanced IL-12 production by
mononuclear cells in vitro was shown [29], as well as an
inhibition of matrix metallopreoteinase-9 production in
macrophages [30]. We suggest that a possible effect of
the IVIg itself could occur locally rather than systemi-
cally. We know that Intraglobin F injected together with

the Dox–PHPMA conjugate at a dose equivalent to that
injected in the Dox–PHPMA–HuIg conjugate to EL-4-
bearing B/6 mice did not alter the anti-cancer effect of
the conjugate (unpublished observation). It was pub-
lished that IVIg induced apoptosis of cells of T cell
lymphoma, B cell lymphoma via Fas–Fas ligand and
caspase activation and increased Fas protein expression
[31], or increased arrest of cells in the G1 phase [32]. The
effect of IVIg was ambivalent, as the pro-apoptotic and
anti-proliferative effects were more pronounced in
transformed cells than in small, non-activated mono-
nuclear cells [31, 32], and could differ in different cell
lines. Mechanisms of action of the Dox–PHPMA–HuIg
conjugate on the cellular and subcellular level are still
poorly understood and remain to be elucidated.

A pilot clinical study was conducted in Czech
Republic in patients with generalized cancers refractory
to conventional therapy. In the first two patients, we
used autologous IgG for passive/active targeting of
farmorubicin and Dox [26]. To eliminate the disadvan-
tages of the individualized therapy and allow repeated
administrations of the conjugate, the autologous IgG
was then replaced with commercially available human
IVIg (Intraglobin F). The results revealed that ‘‘non-
specific’’ immunoglobulin used as the passive/active
targeting moiety of the polymer-bound cytotoxic
drug could considerably improve the therapy of solid
tumours.

Here, we present data illustrating the efficacy of
treatment of murine EL-4 lymphoma with Dox–
PHPMA–HuIg conjugate. The conjugate was highly
effective in a wide spectrum of therapeutic schemes and
dosages. The effect was evidenced by tumour growth
reduction, prolonged survival time, and complete
regression of tumours in a significant proportion of
animals. The conjugate was effective either at a high
concentration originating from a single administration
of a high dose, or at a lower concentration persisting for
an extended time period in the organism. This we con-
sider as one of the most important advantages over the
non-targeted conjugate Dox–HPMA and namely free
Dox.HCl, as both the Dox-HPMA and free cytotoxic
substance Dox.HCl produced cured animals only at a
high dosage. Moreover, the free drug administered in a
therapeutically efficient dosage elicited in treated ani-
mals late life-threatening toxicity [33].

Protocols effective against well established EL-4
lymphoma tumours in B/6 mice have already been re-
ported leading to a proportion of tumour-protected
(immune) LTS, as evidenced by rejection of the same re-
implanted tumour. All the protocols used a combination
of a cytostatic/cytotoxic treatment with immunomodu-
lation by a cytokine: cyclophosphamide plus TNFa [34–
36], Dox plus TNFa [37, 38], Dox plus interleukin-2 [39,
40]. Combination of Dox and IL-2 was also effective in
murine renal cell carcinoma [41]. In our hands, the
therapeutic effect on the EL-4 lymphoma tumours was
conferred solely by the Dox–PHPMA–HuIg conjugate.
The tumour growth-reducing capacity was substantial

Fig. 5 Winn’s assay. Recipients were naı̈ve B/6 mice, injected s.c.
with donor-derived cells together with 1 · 105 EL-4 lymphoma
cells. The cells were injected in a small volume (0.1 ml), mixed and
kept on ice until the injection. Donor’s cells: spleen cells of mice
cured from the EL-4 lymphoma (a single dose of Dox–PHPMA–
HuIg conjugate eq. 15 mg Dox/kg on day 9 post-tumour trans-
plantation). The spleen cells for the Winn’s test were isolated on
day 45 post-transplantation. CD8+ cells were isolated from the
above suspension using the Spin Sep procedure (StemCell
Technologies, USA). Resistant donors were mice cured with ten
doses of the Dox–PHPMA–HuIg conjugate, total dose eq.
15 mg Dox/kg (see Table 1), re-transplanted with the EL-4
lymphoma 70 days after the primary transplantation, and used as
donors for Winn’s assay another 94 days after the second tumour.
Number of transferred cells: 1 · 107 spleen cells of cured mice or
spleen cells of resistant donors were injected together with 1 · 105

EL-4 lymphoma cells (100:1). Number of CD8+ cells was 2 · 106

(20:1), and 1 · 106 (10:1), respectively. For the control, 1 · 107

naı̈ve spleen cells were used as a donor cell population, and 1 · 105

EL-4 alone

43



and the therapy led to > 50% survivors effectively
protected against tumour re-growth.

The conjugate most probably combines the effect of a
direct toxic hit against the tumour with an effective
stimulation of immunocompetent cells. High molecular
weight of the conjugate facilitates its accumulation in the
tumour tissue due to EPR effect [3–6]. This is corrobo-
rated by the unquestioned stability of the HPMA-based
conjugates in the circulation [42–44]. Long persistence of
the Dox–PHPMA–HuIg conjugate in the peripheral
blood was documented also in our pilot study [18]. The
limited side-toxic effect of HPMA-based macromolecu-
lar therapeutics against bone marrow, heart, thymus,
kidney, and liver has been repeatedly described [8–10,
18, 26]. Tumour destruction provides a burst of tumour-
associated antigens to induce the anti-tumour immune
responses in individuals with unimpaired immune sys-
tem. The importance of the antigenic load was con-
firmed in experiments with the early treatment, where
the exposure of the host to the cancer cells was much
lower than that in the treatment of pre-established tu-
mours. We have shown a similar phenomenon in an-
other murine tumour treated with HPMA-based Dox
conjugate. In BCL1 mouse lymphoma model [45], the
lymphoma-bearing mice were treated with a conjugate
containing monoclonal antibody B1 specific to the tu-
mour-associated idiotype expressed exclusively on the
BCL1 cells. A negative correlation between the efficacy
of the treatment and the development of resistance/
protection was also seen in the BCL1 model. Systemic
resistance was achieved in a proportion of mice cured in
the therapeutic setting, after the disease had been well
established (between days 7 and 11), but not in mice
cured with a single dose of the conjugate given on day 3
[46, 47]. The conjugate administered on day 15 was non-
effective, as the anti-tumour capacity of the immune

system was already exhausted as a consequence of the
tumour growth.

It was repeatedly documented that the PHPMA-
bound Dox does not impair immune functions [8, 26,
48]. We have shown that spleen lymphocytes and also
isolated CD8+ cells were able to neutralize the tumour
cells in vivo. This is in accordance with the generally
accepted idea of an important role of CD8+ cytotoxic T
cells in eradication of tumours [49]. We demonstrated a
small increase of specific cytotoxicity against EL-4 cells
in the LTS, as compared to naı̈ve mice. However, re-
ports showing that T cells are non-lytic in culture but
can acquire CTL activity in vivo exist [50–52]. The IFNc
production readily induced by the Ag-specific stimulus
supports the view of CD8+-mediated immune response
as the decisive mechanism in rejecting the tumours and
maintaining the memory. The need for the intact specific
cell-mediated immunity is also evident, as the Dox–
PHPMA–HuIg treatment of EL-4 lymphoma in nu/nu
mice did not produce any survivors.

The histological pictures must be interpreted with
some caution. The untreated (or relapsing) lymphoma
was a solid mass consisting of oval or polysomal poorly
demarcated cells with light polymorph nuclei, prominent
nucleoli and scattered mitoses. As usual in malignant
tumours, dystrophy and necrosis of individual cells or
circumscribed areas were seen, mainly in central areas of
the tumour. However, most elements were well pre-
served in the invasive tumour periphery (cf. Fig. 7c). On
the other hand, signs of cell dystrophy and disruption
prevailed both in the central areas and at the periphery
of treated tumour (cf. Fig. 7a, b). As for collateral
oedema, haemorrhage and (rather scarce) inflammatory
infiltration (Fig. 7b), they seem to represent the non-
specific demarcation of degraded or necrotic tumour
mass rather than a sign of cytotoxic cellular response.

Fig. 6 In vitro activity of spleen cells derived from EL-4-cured
LTS. Spleen cells were re-stimulated in vitro by cultivation either
with mitomycin C-treated EL-4 cells, or with non-cross-reacting
mitomycin C-treated melanoma cells B16-F10. The responding
spleen cells were incubated at 4 · 105 together with 4 · 104

stimulatory mitomycin-treated EL-4 (B16-F10) cells in a volume
of 2 ml in 24-well culture plates. a After 6 days of cultivation, the
cells were washed and their cytotoxic capacity was determined
using JAM test [25]. The target cells EL-4.IL-2 were labelled by

incubation with 5 lCi [3H]thymidine for 4 h at 37�C, 5% CO2,
thoroughly washed and used as target cells at 1 · 104 per well. The
results were calculated as percentage of target cell killing at a ratio
of E:T = 40:1. Naı̈ve spleen cells were used as a control. b IFNc
concentrations in supernatants of spleen cells of the LTS and of
naı̈ve mice, (re-)stimulated in vitro as in (a). The supernatant
samples were assayed after 24 h of cultivation by capture ELISA,
using a pair of monoclonal antibodies and murine rIFNc as a
standard. Statistical significance **P < 0.01

44



In fact, the cytotoxic reaction against the given tumour
detected in situ always remained rather weak.

The B16-F10 melanoma was chosen for assessing the
specificity of protection in the disease-free survivors, as
the model of subcutaneous melanoma was widely used
to evaluate the efficacy of HPMA-based polymeric drugs
[53]. However, the B16-F10 melanoma is considered

rather less sensitive to these therapeutics, which could be
the reason for an incomplete cure seen in Dox–
PHPMA–HuIg treated animals.

In summary, we propose a cancer treatment strategy
using a single compound containing ‘‘non-specific’’
immunoglobulin, which has its own anti-tumour efficacy
together with a protective and, possibly even stimulatory
effect on the immune anti-cancer responses. This may
bring benefit to patients by suppressing or eradicating
tumours without harming potential immune responses
protecting the host against a potential disease relapse.
Considering potential introduction of the conjugate into
clinical use, certain contradictions between experiment
and clinical practice become obvious. First, the treat-
ment must be aimed at the highest cure rate, regardless
of the potentially less effective resistance in the future.
Second, the concept of low immunogenicity of tumours
in humans is generally accepted. Speculatively, chances
to corroborate the anti-cancer responses after the pri-
mary treatment by means of vaccines based on gene-
modified tumour cells [54], or tumour antigen/tumour
derived peptide-based vaccines [55], exist. Definitely, the
treatment with polymer-bound drugs such as with the
Dox–PHPMA–HuIg conjugate leaves the immune sys-
tem with no serious harm, and therefore capable of
producing next responses.
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