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3.5. Tissue distribution of THP-polymer conjugates at different time points
and release of free THP in tumor tissue

We also investigated the body distribution of free THP and PHPMA-
hyd-THP in S-180 tumnor-bearing mice. At 10 days after tumor cell inoc-
ulation at dorsal skin, 10 mg of THP per kg equivalent of free THP or its
polymer conjugate was administered once i.v. to S-180 tumor-bearing
mice. After free THP was injected, it disappeared rapidly from the sys-
temic circulation, within 5 h, and most free THP was found in the
spleen, liver, intestine, and lung, only at 5 h (Fig. 5A). In contrast, after
PHPMA-hyd-THP was injected i.v., it was found predominantly in the
systemic circulation at 5 h, and marked accumulation in the tumor
could be seen as well (Fig. 5B), with accumulation in tumor tissue
being 4-20 times higher than accumulation in normal tissue, except
for the spleen, at 24, 48, and 72 h after drug administration. As a more
interesting finding, the amount of THP released from PHPMA-hyd-THP
in the tumor tissue was highest at 24 h (Fig. 5C), whereas the total
THP amount decreased gradually in tumor tissue (cf. 5 h vs. 24 h)
(Fig. 5B and C). Furthermore, the content of free THP in the tumor tissue
was far higher than that in any normal tissues after 24, 48, and 72 h
(Fig. 5C). This tumor selective accumulation of released free THP can
be explained as follows. One is tumor selective accumulation and reten-
tion of PHPMA-hyd-THP by EPR effect, and second is efficient release of
free THP in the acidic tumor environment. More interesting is that ratio
of released free THP to total THP in the tumor became higher than that
of normal tissue as time progressed (Fig. 5D). This result suggests that
PHPMA-hyd-THP selectively released free THP in acidic environment
of the tumor, as shown in Fig. 3A. THP, but not DOX, is transported
into the tumor cells by concentrative nucleoside transporter 2 (CNT2)
[24]. CNT2 is highly expressed in the tumor cells, thus released free
THP would be incorporated quickly into the cancer cells rather than dif-
fusing back to the systemic circulation, this also might be one of the rea-
sons why free THP was accumulated remarkably in the tumor tissue
upon administration of PHPMA-hyd-THP [25]. CNT2 is also highly
expressed in the spleen, thymus, and part of the intestine; furthermore
it might be due to the higher blood flow in the spleen, thus THP tends to
accumulate in the spleen, as seen by administration of unconjugated
THP (Fig. 5A). PHPMA-hyd-THP is relatively stable in the neutral pH,
such as systemic circulation and normal tissues; however release of
free THP was gradually occurred even in the systemic circulation. Thus
released free THP from polymer conjugates in the systemic circulation
would be captured by the spleen; resulting in higher free THP level
in the spleen (Fig. 5B). Because free THP is the active form of the
drug for cytotoxic effects, a high level of released free THP in the
tumor tissue is most desirable for superior antitumor activity. As
seen in Fig. 4A and B, PHPMA-hyd-THP indeed had much better an-
titumor effects than did free THP.

4. Conclusions

Most cytotoxic antitumor drugs exert their effects by interacting
with molecular targets such as DNA, DNA topoisomerase, and tubulin.
Some molecular targets, such as human epidermal growth factor recep-
tor 2 (HER2) and vascular endothelial growth factor, are located on the
cell surface; however, many targets exist inside the cells. Therefore,
many antitumor drugs must be internalized by the cells for their effec-
tive interaction to target molecules. With regard to interaction with
the cell surface, many macromolecular drugs are masked or modified
by biocompatible polymers such as PEG, and as a result this modifica-
tion will suppress interaction with the cell surface target and then intra-
cellular uptake will be impeded [20]. Release of low-Mw antitumor
drugs from micelles or carrier macromolecules in the tumor tissue will
thus have a great impact on cytotoxicity. In this study, we prepared
and investigated an acid-cleavable linkage, the hydrazone bond, in bio-
logical systems to study the release of free THP from the carrier polymer
(HPMA copolymer) in weakly acidic pH, which represented the pH
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Fig. 5. Body distribution of PHPMA-hyd-THP. (A) Free THP was administered at 10 mg of
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and methods. Values are means =+ s.e. (n = 3) (D) Ratio of free THP to total THP in each
tissue. The fluorescence intensity of the free THP was divided by the fluorescence intensity
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environment of tumor tissue in general, as we attempted to achieve
drug release in a tumor-selective manner. As expected, PHPMA-hyd-
THP showed superior tumor accumulation because of the EPR effect,
the first tumor-selective mechanism, and then it released free THP in
the tumor as the second tumor-selective mechanism. Our results dem-
onstrated marked antitumor effects without notable adverse effects,
even after one intravenous injection. Thus, the PHPMA-hyd-THP conju-
gate seems to offer a great benefit for highly tumor-selective solid
tumor chemotherapy.
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ARSTRACT:

Heat shock proteins (Hsp) are increasingly employed as therapeutic targets
in oncology. We have shown that Hsp32, also known as heme oxygenase-1 (HO-
1), serves as survival factor and potential target in Ph* chronic myeloid leukemia.
We here report that primary cells and cell lines derived from patients with acute
Iymphoblastic leukemia (ALL) express Hsp32 mRNA and the Hsp32 protein in a
constitutive manner. Highly enriched CD34+/CD38- ALL stem cells also expressed
Hsp32. Two Hsp32-targeting drugs, pegylated zinc protoporphyrine (PEG-ZnPP) and
styrene maleic acid-micelle-encapsulated ZnPP (SMA-ZnPP), induced apoptosis and
growth arrest in the BCR/ABL1* cell lines, in Ph- lymphoblastic cell lines and in
primary Ph* and Ph- ALL cells. The effects of PEG-ZnPP and SMA-ZnPP on growth of
leukemic cells were dose-dependent. In Ph* ALL, major growth-inhibitory effects of
the Hsp32-targeting drugs were observed in imatinib-sensitive and imatinib-resistant
cells. Hsp32-targeting drugs were found to synergize with imatinib, nilotinib, and
bendamustine in producing growth inhibition and apoptosis in Ph* ALL cells. A siRNA
against Hsp32 was found to inhibit growth and survival of ALL cells and to synergize
with imatinib in suppressing the growth of ALL cells. In conclusion, Hsp32 is an
essential survival factor and potential new target in ALL.

fusion gene, BCR/4BLI [1-6]. In the "pre-imatinib-era’,
these patients had an extremely poor prognosis compared

Acute lymphoblastic leukemia (ALL) is a life-
threatening neoplasm characterized by uncontrolled
growth and leukemic expansion of immature lymphoblastic
progenitor cells [1-4]. The prognosis and outcome in ALL
depend on age, molecular defects and response to therapy
[1-6]. In about 30% of all adult patients, leukemic cells
display the Philadelphia chromosome (Ph) and the related

to patients with Ph- ALL [5,6]. Since then the prognosis
of patients with BCR/ABL1* ALL has improved, which
is largely attributable to the effects of novel BCR/ABL1-
targeting drugs [7-12]. In fact, the BCR/ABL1 tyrosine
kinase inhibitor (TKI) imatinib is effective in most patients
with newly diagnosed Ph* ALL, and sometimes even in
patients with chemotherapy-resistant or relapsed Ph" ALL,




especially when applied in combination with conventional
chemotherapy [7-13]. Second- and third generation BCR/
ABL1 blockers are also effective in patients with Ph* ALL
[14].

However, not all patients with Ph™ ALL respond
to standard treatment and TKI. Therefore, depending on
age, risk factors, and availability of a donor, stem cell
transplantation (SCT) is recommended for patients with
drug-resistant and high risk ALL [15-18]. In these patients,
the overall treatment plan often combines chemotherapy.
SCT and BCR/ABLI1-targeting drugs [17]. However,
despite SCT and the availability of novel targeted drugs,
not all patients with Ph* ALL can be cured. Therefore,
current research focuses on identifying new targets and
drugs that can be employed in these patients and may
improve outcome and survival in ALL the future.

One class of interesting new targets in oncology
are heat shock proteins (Hsp). These proteins often act
as survival factors and are expressed in neoplastic cells
in a constitutive manner [19]. Heat shock protein 32
(Hsp32), also known as heme oxygenase-1 (HO-1), is a
stress-related cytoprotective molecule that is expressed in
normal and neoplastic cells. including myeloid leukemias
[20-28]. In neoplastic cells, Hsp32 is considered to play
a major role as an essential survival factor [22-29]. We
have recently shown that Hsp32 (HO-1) is expressed in
leukemic cells in Ph* chronic myeloid leukemia (CML)
and that Hsp32-targeting drugs produce growth arrest and
apoptosis in leukemic cells [28.29].

In the present study, we show that Hsp32 is
expressed in leukemic cells in Ph* and Ph™ ALL, and
that pharmacologic inhibitors of Hsp32 suppress the
growth of imatinib-sensitive as well as imatinib-resistant
ALL cells. Moreover, we show that drug combinations
consisting of Hsp32 inhibitors and either BCR/ABL1 TKI
or bendamustin, can produce synergistic growth-inhibitory
effects in imatinib-resistant ALL cells.

ALL cells express Hsp32 mRNA and the Hsp32
protein

As assessed by qPCR, primary ALL cells as well
as the ALL cell lines tested were found to express Hsp32
mRNA (Figure 1A, Tables | and 2). Hsp32 transcripts
were present in Ph* ALL cells as well as in Ph™ ALL cells
(Figure 1A). Hemin was found to promote expression
of Hsp23 mRNA in all ALL samples tested (Figure
1A). We were also able to show that ALL cells display
the Hsp32 protein. Expression of the Hsp32 protein was
demonstrable by immunocytochemistry (Figure 1B) as
well as by Western blotting (Figure 1C), and hemin was
found to upregulate expression of the Hsp32 protein in

ALL cells (Figure 1B and 1C). Since leukemic stem
cells are considered a major target of therapy, we were
also interested to know whether CD34+/CD38~ stem
cells in ALL express Hsp32. In these experiments, we
were able to show that highly enriched (sorted) CD34%/
CD38  ALL stem cells as well as CD34%/CD38" progenitor
cells express Hsp32 mRNA in patients with Ph*ALL and
patients with Ph™ ALL (Figure 1D).

BCR/ABLI1-targeting drugs down regulate
expression of Hsp32 in ALL cells

We have recently shown that expression of Hsp32 in
CML cells is triggered by BCR/ABL1 [28.29]. Therefore.,
we were interested to learn whether BCR/ABL 1-targeting
drugs would alter expression of Hsp32 in Ph" ALL cells.
As assessed by qPCR, imatinib was found to down
regulate expression of Hsp32 mRNA in the Ph* ALL
cell lines TOM-1 and NALM-1 (Figure 2A). In contrast,
imatinib did not suppress expression of Hsp32 mRNA
in the Ph™ ALL cell lines tested (Figure 2A). These data
suggest that BCR/ABL1 is involved in the expression of
Hsp32 in Ph*ALL, whereas in Ph™ ALL. other mechanisms
contribute to Hsp32 expression.

Depletion of Hsp32 leads to apoptosis and growth
arrest in ALL cells

Hsp32 is a well-known survival factor that
counteracts apoptosis in various cell types. To investigate
the functional role of Hsp32 in ALL cells, expression of
Hsp32 was specifically silenced by siRNA in the Ph" ALL
cell lines TOM-1 and NALM-1 and in the Ph™ cell line
Raji. The siRNA-induced knockdown of Hsp32 was found
to be associated with a significant decrease in cell viability
due to an increase of apoptotic cells (Figure 2B). A control
siRNA (against Luc) showed no substantial effect on
expression of Hsp32 and no effect on survival (apoptosis)
of ALL cells (Figure 2B). As expected, the siRNA-induced
knock-down of Hsp32 also induced growth arrest in the
ALL cell lines tested (Figure 2B).

Effects of pharmacologic inhibitors of Hsp32 on
growth of ALL cell lines

To evaluate the role of Hsp32 as a potential
therapeutic target in ALL cells, two water-soluble
pharmacologic inhibitors were applied, SMA-ZnPP
and PEG-ZnPP. As assessed by *H-thymidine uptake,
both Hsp32-targeting drugs were found to inhibit the
proliferation of Ph* and Ph™ ALL cells (primary cells and
cell lines) after 48 hours of incubation (Figure 2C and
Figure 2D). The effects of both drugs on growth of ALL
cells were dose-dependent, with comparable 1C50 values
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Table 1: Patients” characteristics, detection of Hsp32 in leukemic cells, and response to SMA-ZnPP and PEG-ZnPP
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*In these patients, imatinib resistance developed during the course of disease; in patient #23, a BCR/ABL1 T315I mutation was detected. For evaluation
of proliferation, ALL cells were cultured in control medium or in various concentrations of Hsp32-inhibitors for 48 hours. Thereafter, 3H-thymidine-
uptake was measured and IC50 values (1M) determined. Abbreviations: WBC, white blood cell count; Hb, hemoglobin; Plt, platelet count; ICC,
immunocytochemistry; n.t., not tested; p210, BCR/ABL1 major breakpoint; p190, BCR/ABL 1 minor breakpoint.
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Figure 1:Expression of Hsp32 in ALL cells. A: Primary ALL cells (left panel) and cell lines (right panel) were subjected to RNA
isolation and RT-PCR using primers specific for Hsp32 and human ABL (control) as described in the text. Before RNA was isolated, cells
were cultured in control medium (Co) or in medium containing 10 uM hemin (He) at 37°C for 8 hours. Expression of Hsp32 mRNA and
ABL mRNA was determined by qPCR. The left panel shows data obtained with primary ALL cells (7 Ph* donors and 10 Ph~ donors) and
the right panel shows data obtained with Ph* and Ph™ cell lines (Ph*: BV-173, NALM-1, TOM-1. Z-119, Ph: Raji, Ramos, REH, BL-41).
Hsp32 mRNA levels are expressed as percentage of ABL mRNA levels and represent the mean+S.D. from all donors or cell lines. Asterisk:
p<0.05. B: Immunocytochemical detection of the Hsp32 protein in primary ALL cells (left panel, Ph* patients #10 and #17; and Ph- patient
#14 from Table 1) and cell lines (right panel) after incubation in control medium or hemin (10 pM) at 37°C for 8 hours. After incubation,
cells were spun on cytospin slides and stained with an antibody against Hsp32 as described in the text. Images were taken using an Olympus
DP21 camera connected to an Olympus BX50F4 microscope equipped with 100x/1.35 UPlan-Apo objective lense (Olympus, Hamburg,
Germany). Figures were prepared using Adobe Photoshop CS2 software version 9.0 (Adobe Systems, San Jose, CA) and processed with
PowerPoint software (Microsoft, Redmond, WA). C: Western blot analysis of expression of Hsp32 in Ph* cell line Z-119 (left) and Ph~
cell line BL-41 (right). Cells were incubated with control medium (Co) or hemin (10 pM) (He) at 37°C for 8 hours. Then, cells were lysed
and lysates subjected to Western blot analysis using an antibody against Hsp32 and an antibody against B-actin as described in the text.
D: Expression of HO-1 mRNA in highly enriched (sorted) CD34*/CD38" stem cells and CD34*/CD38" progenitor cells obtained from 3
patients with Ph- ALL (left side) and 3 patients with Ph* ALL (p210 right side) as determined by qPCR. Cells were subjected to RNA
isolation, cDNA synthesis and qPCR using primers specific for HO-1 and ABL. Results show HO-1 mRNA levels as percent of ABL mRNA
levels, and represent the mean+S.D. of 3 independent experiments (3 patients).
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Figure2:Targeting of Hsp32 in ALL cells and functional consequences. A: Effects of BCR/ABL 1-targeting drugs on expression
of Hsp32 mRNA in leukemic cells. The Ph* ALL cell lines NALM-1 and TOM-1 and the Ph™ cell line Ramos and BL-41 were incubated
in control medium or imatinib (1 pM) at 37°C for 24 hours. Then, cells were recovered and subjected to RNA isolation and real time PCR
using primers specific for Hsp32 and ABL. Results show Hsp32 mRNA expression levels relative to ABL mRNA levels. B: siRNA-induced
Hsp32 knockdown in ALL cells is followed by apoptosis. The ALL cell lines NALM-1, TOM-1 and Raji were kept in control medium
(Co) or were transfected with a control siRNA against luciferase (Luc siRNA) or siRNA against Hsp32 (200 nM each) as described in the
text. After 48 hours, the percentage of apoptotic cells was determined by light microscopy (upper panel). Results represent the mean+S.D.
from three independent experiments. Lower panel: *H-thymidine uptake was measured after transfection with control siRNA or siRNA
against Hsp32. Results show the percent of *H-thymidine uptake compared to control and are expressed as mean+S.D. of triplicates. C,D:
PEG-ZnPP and SMA-ZnPP inhibit growth of ALL cells. Primary leukemic cells (C) were obtained from patient #17 at two different time
points, i.e. when cells were imatinib-sensitive and later when the patient developed imatinib-resistance, and from patient #21 with Ph- ALL.
Cells were incubated in control medium (Co), various concentrations of PEG-ZnPP or various concentrations of SMA-ZnPP (as indicated)
at 37°C for 48 hours. In patient #17, cells were also incubated with imatinib (0.05-0.5 pM) for 48 hours. After incubation, *H-thymidine
uptake was measured. Results show the percentage of *H-thymidine uptake compared to control and are expressed as mean+S.D. of
triplicates. Figure 2D shows result obtained with the Ph* ALL cell lines BV-173 and TOM-1 and the Ph~ cell lines REH and Raji. Results
show the percentage of *H-thymidine uptake compared to control and are expressed as mean+S.D. of three independent experiments.
Asterisk indicates p<0.05.
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Table 2: Characterization of cell lines and response to SMA-ZnPP, PEG-ZnPP, and other drugs

Proliferation Apoptosis
Cell Line | Diasnosis BCR- |Proliferation |ICC |PCR |IC50 EC50
s ABLI |Imatinib IC50 |Hsp32 |Hsp32 | SMA-ZnPP |PEG-ZnPP |SMA-ZnPP |PEG-ZnPP
1C50 1C50 EC50 EC50
BV-173 B-ALL p210 0.1 uM + + 1-5 M 1-5 uM 5-10 uM 5uM
CML,
NALM-1 lymphoid BP p210 0.4uM s + 1-5 uM 1-5uM 5 uM n.t.
TOM-1 B-ALL pl190 0.3 uM + + 1-5 uM 1-5 uM 10 uM 15-20 uM
Z-119 B-ALL p190 0.2 uM + + 1 uM 1-5 uM 5 uM 10 uM
Burkitt : -
RAJT P - >1 pM + o 5uM 5 uM 5-10 uM 20 uM
Burkitt
\ - + ; 5 5 2
RAMOS T—— >1 uM £ 5uM 5 uM 10 uM 20 uM
REH B-ALL - >1 pM + & 5 uM 10 uM 5-10 uM 20 uM
Burkitt )
BL-41 ymiphoma >1 uM + A 1-5 uM 1-5 M 1-5 uM 15 uM

CML, chronic myeloid leukemia; BP, blast phase; ALL, acute lymphoblastic leukemia; p210, BCR/ABL1 major breakpoint; p190, BCR/ABL1 minor
breakpoint. Immunocytochemical (1CC) analysis of Hsp32 (HO-1) and qPCR analysis of Hsp32 (HO-1) mRNA expression were performed as described in
the text. Cell lines were cultured in control medium or in various concentrations of the Hsp32 (HO-1) inhibitors SMA-ZnPP or PEG-ZnPP, or in the presence
of various concentrations of the BCR/ABL1 kinase blockers imatinib or nilotinib for 48 hours. Thereafter, proliferation was measured by 3H-thymidine
incorporation assay. IC50 values (M) represent the mean from at least 3 independent experiments. Apoptosis was determined by light microscopy; EC50
values (LM) represent the mean from at least 3 independent experiments. n.t,, not tested.

(Tables 1 and 2).

Hsp32-targeting drugs suppress the growth
of leukemic cells from patients with imatinib-
resistant ALL

In a substantial number of patients with ALL,
leukemic cells develop resistance to imatinib. We were
therefore interested to know whether Hsp32-targeting
drugs can suppress the growth of leukemic cells from
patients with imatinib-resistant Ph" ALL. In these
experiments, SMA-ZnPP and PEG-ZnPP were found to
inhibit growth of primary, imatinib-resistant leukemic
cells in a dose-dependent manner in all patients examined
(Figure 2C, Table 1), including one patient with lymphoid
blast phase exhibiting BCR/ABL T3151 (Table 1).

The growth-inhibitory effects of PEG-ZnPP and
SMA-ZnPP on ALL cells are associated with
induction of apoptosis

Hsp32 has been described as a survival factor
counteracting apoptosis in various neoplastic cells. We
next investigated whether the growth-inhibitory effects
of Hsp32 inhibitors (SMA-ZnPP and PEG-ZnPP) are
associated with induction of apoptosis in ALL cells. We
found that both drugs induce apoptosis in primary ALL
cells and in the ALL cell lines tested (Figure 3 and Table
2). The apoptosis-producing effects of SMA-ZnPP and

PEG-ZnPP on ALL cells were demonstrable by light
microscopy (Figure 3A and 3B) as well as in a Tunel assay
(Figure 3C). Furthermore, we were able to show by flow
cytometry that SMA-ZnPP induces activation of caspase-3
in ALL cells (Figure 3D). In normal bone marrow cells,
neither SMA-ZnPP nor PEG-ZnPP were found to induce
apoptosis over the dose-range tested (1-40 pM) confirming
previous data [29].

Hsp32-targeting drugs synergize with BCR/
ABLI1-targeting drugs (imatinib, nilotinib)
and with bendamustine in producing growth
inhibition in ALL cells

Next, we examined cooperative drug effects on
growth and survival (apoptosis) of ALL cells. We found
that Hsp32-targeting drugs synergize with BCR/ABL1
TKI and with bendamustin in inducing growth inhibition
and apoptosis in ALL cells (Figure 4A-C). To further
validate Hsp32 as a potential drug-partner of TKI in ALL
cells, we applied siRNA against Hsp32 and measured
the proliferation of ALL cells as well as the response to
imatinib. In these experiments, suboptimal concentrations
of imatinib were applied. As shown in Figure 4D, addition
of Hsp32-specific siRNA was found to potentiate the
effects of imatinib on both ALL cell lines examined,
TOM-1 and NALM-1.
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Figure3:Hsp32-targeting drugs induce apoptosis in ALL cells. A: Primary leukemic cells obtained from patient #17 with Ph"
ALL (imatinib-sensitive phase) and patient #18 with Ph™ ALL were incubated in control medium (Co) or medium containing increasing
concentrations of either PEG-ZnPP or SMA-ZnPP at 37°C for 24 hours. Thereafter, the numbers of apoptotic cells were determined by
light microscopy (upper panels) and AnnexinV staining and flow cytometry (lower panels). B: The lymphoid cells lines BV-173, TOM-1,
REH and BL-41 were incubated in control medium (Co) or increasing concentrations of either SMA-ZnPP (left panel) or PEG-ZaPP (right
panel) at 37°C for 48 hours. Then, the number (percentage) of apoptotic cells was determined by light microscopy. Asterisk (*): p<0.05. C:
A Tunel assay was performed with Z-119 cells after incubation in control medium (Control), PEG-ZnPP (5 pM) or SMA-ZnPP (10 pM) at
37°C for 48 hours. After incubation, cells were analyzed under a fluorescence microscope and photographs taken as described in the text.
Original magnification x 40, D: Flow cytometric evaluation of expression of active caspase 3 in two Ph*ALL cell lines (BV-173, TOM-1)
and two Ph™ALL cell lines (REH, BL-41) after incubation in control medium or medium containing 10 uM of SMA-ZnPP. Results represent
the mean£S.D. of three independent experiments.
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