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Review

Cell- & Tissue-based Therapios

HSP90 as a new therapeutic target
for cancer therapy: the story

unfolds

Alison Maloney & Paul Workman
CRC Centre for Caneer Therapeutivs, lrstitute of Cancer Research, 15 Cotswalel Road, Stutton, Surrey

SMZ SNG, UK

Current anticancer drug development strategies involve identifying novel
molecular targets which are crucial for tumourigenesis. The molecular chap-
erone heat shock proteln (HSP) 90 is of interest as an anticancer drug target
because af its importance in maintaining the conformation, stability and
function of key oncogenic client proteins involved in signal transduction
pathways feading to proliferation, cell tycle progression and apoptosis, as
well as other features of the malignant phenotype such as invasion, angio-
genesis and metastasis. The natural product HSP90 inhibltors geldanamycin
and radicicol exert their antitumour effect by inhibfting the Intrinsic ATPase
activity of HSPSD, resuiting in degradation of HSP90 client proteins via the
ubiquitin proteosome pathway. Anticancer selectivity may derive from the
simultaneous combinatorial effects of HSP0 Inhibitors on multiple cancer
targets and pathways, 17-allylamino, 17-demethoxygeldanamycin (17AAG), a
geldanamycin derivative, showed good activity and cancer selectivity in pre-
clinical models and has now progressed to Phase | clinical trial In cancer
patients with encouraging initial results. Phase il trials including combination
studies with cytotoxic agents are now being planned and these should allow
the therapeutic activity of 17AAG to be determined. Second generation
HSP30 inhibitors may be designed to overcome some of the drawbacks of
17AAG, including limited oral bioavailability and solubility. They could also
be engineered to target specific functions of HSPS0, which may not only pro-
vide greater molecular selectivity and clinlcal benefit but may also increase
understanding of the complex functions of this molecular chaperone. HSPYD
inhibitors provide proof of concept for drugs directed at HSPA0 and protein
folding and this principle may be applicable to other medical conditions
involving protein aggregation and stability.

Keywords; apoptosts, cartcer, cell cycle, drug development, geldanamycin, heal shock prateln,
signal transduction
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1, 'lntroduction

Molecular chaperones maintain the appropriate folding and conformation of pro-
teins and are crucial in regulating the balance between proteln synthesls and degra-
datien, They have been shown not only to play a vital role in the cellular stress
response but also to be imporiant in regulating many important normal celiular
functions, such as cell proliferation and apoptosls 11.3).

Exposure of ceils to a number of environmental stresses, including heat shock, alco-
hols, heavy metals and oxidative stress resuits in the cellular accumulation of a nurmber
of chagerones, commonly known as HSPs. This effect Is mediated by the transcription
factor heat shock factor § {HSF1) and Is termed the "heat shack response’ W), Induction
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HSP20 as a new therapeutic target for cancer therapy

of HSPs protects the celt against the initial stress insult, enbances
recovery and leads to maintenance of a stress tolerant state. [t hos
become clear, however, that certain HSPs may also play a major
molecular chaperone role under normal, stress-free conditions by
regulating the correct fokling. degradation, localisation and
funclion of a relatively small but growing Hist of important cellu-
far prateins,

A number of multigene familics of HSPs exist, with individ-
ual gene products varying in cellular expression, funclion and
localisation. They are classifled according to molecular weight,
e.g.. HSP70, HSP90 and HSP27. Exceptions ta this nomen-
clature rule are a small subset of chaperones that were identi-
fied as glucose regulated protetns, e.g., GRP34 and GRP75.

Several diseases in humans can be acquired as a resuit of
protein misfolding J2.5.6). Hence the development of theraptes
which modulate the molecular chaperone machinery may
prove to be beneficlal, In some conditions, e.g., Alzheimer's
disease. prion diseases and Huntington’s disease, misfolded
proteins can cause protein aggregation resulting in neurode-
generatlve disorders, Also, mislolded proteins may resull in
loss of wild type protein function, leading to deregulated

olecular and physiological functions in the cell. With spe-
cific reference to the present review, HSPs have been impli-
cated in cancer. For example, there is evidence of differential
expression of HSPs which may retate to the stage of tumour
progression (7-12). As a result of the involvement of HSPS0 in
vartous critfeal oncogenic pathways and the discovery that cer-
taln natural products with anticancer activily are targeting this
malecular chaperone, the fascinating new concept has been
developed that iohibiting HSP function may be useful In the
treatment of cancer. This approach has now reached an excit-
Ing stage, with the first molecular chaperane inhibitor cye-
rently undergoing clinica! trials.

The present review will focus on the literature describing
the potenttal use of HSP90 inhibltors as anticancer agents. In
recent years a great deal of rescarch has been performed to elu-
cidate the function of HSPIQ at both the biochemical and
molecular level and this Is also summarised. Such fundarnental
knowledge has enabled researchers to understand more clearly

e mode of action of the currently avallable FISPA0 inhibitors

to develop them more rationally, MHowever, these are
extremely complex agents, with the potential 1o dercgulate a
number of key cellular processes that are coliectively responsi-
ble for driving the tumour phenotype, Several important ques-
tions remain to be answered and these are addressed in this
veview. The precise details of the molecular functioning of
HSP90 are still being elucidated, In pardcular, although
HSPI0 inhibitors are known to black the molecular chaper-
one function of HSP90, the understanding in molecular detail
of the downstream consequences of this action and the eluci-
dation of precisely how this may lead to an antitumour effect
has only Just begun. Selectivity for cancer versus normal cells is
a crucial requirement for cancer therapies altmed at new
molecudar targets [13-16). It is not completely clear how this is
achieved with HSPS0 inhibitors but possibie scenarios are dis-

cussed. Many factors may affect tumour sensitivity ta these
agents and it remains to be seen whether it is possible to dis-
sect out any particular parameter that is responsible for their
activity. Alternatively it may be the abllity to take out simulta-
neously the effects of several cancer genes which arc critlcal to
multistep oncogenesls that provides IMSPI0 Inhibitars with a
unique pharmacological profiie. This review discusses how the
particular genetic and biological context of the Individual
tumour may dictate the precise made of action and biological
cansequences in any glven case but also stresses the potential
for broad spectrum anticancer actlvity in varlous tumour
types, regardiess of thefr genetic make-up. The review wiil
conclude by summarising the status of the current clinical tri-
als with the first-in-class, proaof of concept HSP90 inhibitar
and by outlining the potential for the discovery and develop-
ment of future generations of cancer drugs based on blocking
the functions of HSP90. The development of new classes of
Inhibiters, which could for example target spectfic Interactions
and functions of HSP80, might not only provide potential
clinical benelit In cancer but may also help Increase the under-
standing of the complexIty of this molecutar chaperone, build-
Ing on the valuable knowledge already gained with first
generation inhibitors. Tt is noted that HSP90 inhibltors are of
broader medical significance, In that they provide general
proof of principle for drugs directed at the folding and eonfor-
mational stability of proteins, an approach that Is applicable to
pathologlcal conditions as diverse as Alzhelmer's and Creut-
#feld-Jacob diseass.

2. The biology of HSPS0

HSPS0 ts a highly abundant protein which is essentfal for cell
viability and it exhibits dual chaperone functions [17.18). It
plays a key role in the cellular stress response by interacting
with many proteins afier thelr native confarmatlon has been
altered by varlous environmental stresses, such as heat shock,
ensurlng adequate protein folding and preventing non-specific
aggregation [2]. In additlon, recent results suggest that HSP9Q
may also play a role in buffering against the effects of muta-
thon, presumably by correcting the inappropriate folding of
mutant proteins 119]. However, HSP90 also has an important
regulatory role under normal physlotogical conditlons and is
responsible for the conformational stabllity and maturation of
a number of specific cllent proteins, of which about 40 are
currently known (see Table 1a and 1b). These can be subdi-
vided Into three groups: sterold hormone receptors, serlne/
threoning or tyrosine kinases end a collection of apparently
unrelated proteins, including mutant p53 and the catalytic
subunit of telomerase hTERT. All of these proteins play key
regulatory roles In many physlologlcal and biochemical proc-
esses In the cell,

The highly conserved HSP90 family in humans consists of
faur genes, namely the cytosolic HSP90a and HSP90B iso-
forms [s8), GRPY4 in the endoplasmic reticulum (59} and
HSP75/tumour necrosis factor receptor assoctated protein |

4 Expert Opin, Biot. Thex, (2002) 2(1)



Table 1a. HSP90 family client proteins.

Maloney & Workman

Client protein Function Ref.
Steroid hormone receptors

Glucocorticoid receplora® Ligand mediated gene transcription (20)
Oestrogen receptortt Ligand mediated gene transcription 21
Androgen receptora® Ugand mediated gene transcription 22
Progestercne receptorab Ligand mediated gene transcription 123)
Ser/Thr and Tyr kinases

¢-SRC [ v-SRC2b Sigral transduction (24)
LCKab T-cell developrent and function [25]
WEE2 Cell cycle regutation {G2) 1261
MYT1e Celf cycte reguiation {G2) {26}
ERBB22R« Signat transduction 2n
EGFR {ERBB1)0: Signal transduction 27
FPS/FESa Profiferation (28]
C-RAF-1 [ v-RAF. 720 MAPK signalling 29
MEKs.0 MAPK signalling 130)
Casein kinasa 22 Plelolropic kinase 131]
CDK4ap Celi cycle reguiation (G1) (329
AKT (PKBJav Pi3 kinase signalling 1331
Ceath domain kinase Ripab TNF-mediated apoptosis {34
BCR-AgL2b Pathogenasis of myeloid leukaemia 351
PiM-1a.b Cytokine mediated proliferstion 138
MOKa2 MAPK signalling 137}
Palo-1 kinase {PLIKJ20 Cell cycle regulation (G2/M) 138
Focal adhesion kinase (FAK)ab Actin-based cell motility 139}
¢-METe. RGF/SF-MET motility signatiing 0]
elF2 kinasett Transcriptionat regulation “

HSPI0 cltent proteins can be characlerised into throg groups: 3. sterold hormone receplers; 2. SetfThe o Tyr kinases and 3. protelns with urvelaled funclions. Tho type
of evidence indicating that these proteins are clients of HSPOO s Indicaled as fotiows: a, phiysical assocltion waith H5P90 and b. degradation of eitent protein by HSPIO
inhibltors. Afso Indicated In the table is whether thesg cltent pieteins bind vo specific HSPS0 family members: ¢. GRPO4 and d, TRAPI, Cuirent roferences deswiblng

HSP30-cTignt proteln Intesackiorfunctions fave been ciled.

COK: Cyclin-dependent kinase: EGFR: Epldarmar grawsth factor receptor; HSP: Heat shock proteln: 1CK: Lymphocyte Kinase; PKB: Protein kinasa B: RiP: Receptor

Interacting proteln; TRAPY: Tumour necrosis fattor teceplor associated protein 1,

{TRAP1) in the mitochondrial matrix 160). It is thought that
all the family members have a sitnilar mode of action but bind
to different client proteins depending in part on their localisa-
tion within the cell. For example, the ERBB2 receptor tyro-
sine kinase Is known 1o be a specific ctient protein of GRP94
1591. Type | tumour necrosis factor receptor (TNFR1) and the
retinoblastoma proteln (RB) have both been reported to be
cllents of TRAP 1j50.51).

HSPI0 participates in a series of complex interactions with
a range of citent and regulatory protelns [361). Although the
precise molecular detalls remain to be elucidated, biochemical

and x-ray crystallographic studies [6263) carried out over the
last few years have provided increasingly detatled {nsights into
the chaperone function of HSPAD.

The monomer of HSP90 consists of conserved 25 kDa N-
terminal and 55 kDa C-terminal domains Joined together by
a charged linker region (not present in TRAP1) (64. Both ihe
N- and C-termini of HSP90 are reported 1o bind 1o substrate
polypeptides including client proteins and co-chaperones.
The N-terminus contains an unusual ATP-binding site that
has structural homology with the Type Il topoisomerase
gyrase B, an N-terminal fragment of the MutL DNA mis-

Expert Opin, Bigl, Ther, (2002) 2(1) "8



H5P0 as a new therapeutic target for cancer therapy

Table 1b, HSP90 family elient proteins.

Client protein Function Ref.
Protelns with various other functions
Mutant p5322 Mutant form of cell cycle checkpoint protein 142)
Hepatitis B virus reverse transcriptase? Viral transcription (431
hTERT (catalytic subunit of telomerase)p® Cell mortality and senescenice [44)
By subunits of heterotrimeric G proteinsa© Signal transduction {45]
Endothelial nitric oxide synthase (eNOS) Nitric oxide production [46}
Calcineurin? Ca? and calmodulin dependent signaliing (47
Tubutin® Microtubule formation (48)
HiF- 12 Hypoxia-induced angicgenesis i49)
Retinoblastoma protein (RB)a.0 Cell cycle regulation (G1/5) [50]
Tumour necrosis factor receptor type 1 (TNFR1p4 TNF-mediated apoptosis [51)
(CCyFsTtliacaﬂbbrosis transmembrane conductance regulator — fon channelicystic fibrosis 152]
Immunogiobulin chaing?.c Immune response 53]
coni anaemia protelnas Haeratopoiesis [54]
pbpfotein B? Cardiovascutar atheroschlerosis 55}
Aryl hydrocarbon receptor (AhRjab Ligand dependent gene transcription 561
SV40 T antigery Viral orcogene [57)

HSP30 cilent proteins can be characterlsed into thiee groups: 1. sterold hormone receptors; 2, Ser/Thr or Tyr kinases and 3. pratetns with unrelated funclions. The 1ype
of evidence indicating that these proteins ara clients of HSPZO s Indicated as fallowss: a. Physical assoclatlon with HSPE0Legradation of ¢lient protein by H5POO
Inhibitars. Also Indicated In tha table is whether these client proteins bing to specific HSPRO (amily members: ¢. GPPO4 and d. TRAPT. Current refesencos descrining

HSPR0-client protein Interattionfiunctions have been cited,

GRP: Glucose requtated protein; HIF-1: Hypoxla-Inducible factor-1: HSP: Heat shock

Tumouwr nearosls feclor feceptor associated protein 1.

match repair protein and a C-terminal fragment of the histi-
dine kinase Che A [g4). Following earlier controversy on this
tssue, 1t Is now clear that HSP90 is an ATP-dependent molec-
ular chaperone 162), with dimerisation of the nucleotide-bind-
ing domalns being essentlat for ATP hydrolysis, which is In
turn necessary for chaperone function (651 Binding of ATP
results in the formation of a torotdal dimer structure In which
the N-terminal domalns are brought into closer contact with
‘1 other, resulling in a conformational switch known as the
‘clamp mechanism’ (s4]. The function of HSPYO s regulated
by association with a number of co-chaperoncs that combine
In varlous ways to form a serles of multimeric protein com-
plexes. Interactions with these various partners In different
heterocomplexes may be restricted by temporal, spatial and
blochemnlcal factors. A number of co-chaperones contain a tet-
racopeptide repeat and binding of these proteins to HSP90
has been localised to the C-terminal MEEVD mouf (54,
Previous reviews describe In detall the molecular chaperone
role of HSPS0 and its importance In the conformational stabil-
ity and lunction of known client protelns (3.61). Current mod-
els for client protein Interactions with HSPI0 are illustrated In
Figure 1a and 1b for both sterold hormone recaptors, the case In
which the chaperone binding and release cycle is best under-

pratein: hERT: Human telomerase reverse transcelptase: SV: Simlan virus: TRAP1:

staod, and also for protein kinase clients, Although the general
mode of chaperone action is thought to be very similar for ail
client proteins, the specific complement of co-chaperones
present in the complex seems important in determining the
particular subset of client proteins that are chaperoned by that
complex. For example, the co-chaperone p2d is present in
mature H3P90 complexes containing steroid hormone recep-
tors whereas CDC37 s required for targeting the HSPS0 com-
plex to certain kinases 132.61,66) (Figure ta and [b). Other co-
chaperones, such as HIP and HOP, regulate the chaperone-cli-
ent protein cycle and binding of these proteins often is dictated
by the ATP state of HSP90/HSP70 (for more Information sec
legend to Figure 1a and 1h and references (54.67)).

Steroid hormone receptors, including the glucocorticoid,
oestrogen and androgen receplors, require assoclation wilh
HSP30 to enable the sterold harmone ligand to bind. This
causes dissociation of the mature complex and dimerisatton of
the receptor, resuiting in DNA-binding and gene transcrip-
tion. In the case of protein kinases, such as ¢-RAF-1, {t seerns
that association with FISP90 is important for their maturation
and in maintaining the correet folding and function of the
protein. HSP90 Inhibition leads to proteosomal degradation
of both steraid hormone receptors and kinase clents, most

3 Expert Opin. Biol. Ther, (2002} 2(3)
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Figure 1a. Proposed techianism of action of HSPSQ inhibitors:
HSPI0 function is governed by the dynamic association with client
complexes. Spatlal and biochemical features, panicularly the ATP-bin
of the chaperone-cllent protein cycle. The mode of action of HSPLO |
invalving the chaperones HSP70 and HSPS0 and also HIP (HSP70-i
enabling It to bind substrate proteins and HOP {HSP70-HSPRO or

the model for steroid hormone receptors {SHRs).

proteins and co-chaperone molecules to form multimeric protein
ding state of HSPSO, dictate which partner can bind at which stage
s best understoed for SHRs. A. An intermediate complex is forred
nteracting protein) which stabilises HSP70 in its ADP bound state,
ganising proteln) which targets HSP90 to this complex, HOP alsp

inhibits the HSPOO ATPase by preventing access of ATP to the nucleotide-binding site and is proposed to be part of a substrate-loading
mechanism. When ATP binds to HSP90, HSP7Q. HIP and HOP are disptaced and the co-chaperone p23 and potentislly other co-
chaperones (CCs} such as the immunophiting (PPiase) are recruited to form a mature complex. Hormone receptors stabilisad in this
manner are able to bind (o their steroid ligands {1} and ATP hydrolysis causes the mature complex to dissociate. resulting in
transiocation of the receptors to the nucieus where they bind to their cognate DNA response elements causing gene transcription.
B. The recruitment of p23 to form a mature complex is ATP-dependent and cannot occur when HSPGO inhibitors {i) interact with the
nucleotide-binding site of HSP8D. Recent evidence suggests that a ubiquitin ligase, CHIP. associates with Lhe intermediate HSPO0
complex, targeting the client protein for degradation via the ubiguitin proteosome pathway. This has only been described wilh the

likely Involving recrultment of a ublqultin ligase to the com-
plex, as demonstrated for the glucocorticoid receptor (68). lt s
Interesting to speculate why some but not all kinases show a
dependence on MSP90. Since binding to HSP90 can be 2
fundamental requirement for kinase activity, persistence of
thts dependence during evolution suggests a positive advan-
tage, possibly in terms of regulatory control.

Interestingly, HSP90 may also have an important role in
morphological evolution as a result of its buffering effect on
genetic mudatlans 19}, In the fruitfly Drosophila, mutations
that were previously not evident can be scen to spontaneously
produce abnormal phenotypes, in response to the environ-
ment, when HSP90 function Is compromised. The molecular
basls of the buffering effect presumably lies in the ability of
HSP30 to encourage the correct folding of mutant protelns.

For example, the activated tyrosine kinase that Is encoded by
the viral form of the Srr oncogene (v-5r) shows a much
greater dependence on HSP90 than the normal SRC protein
encoded by the cellular oncogene ¢-Srr f24). These findings
tefnforce the current view that HSP90Q is fmportant in main-
taining cellular homeostasis and Is vital for the regulatlon of
many bijochemical and physlological processes in the c¢ell and
In addition support a role for HSP30 In development and
evolution. Deletion of HSPIQ is lethal in yeast but certain
tutations in the Dresophila homologue result in defects (n
eye development due 10 a lack of the sevenless tyrosine Kinase
receptor [69). Mice lacking HSPI0P show defects in placental
development 70). Overexpression of HSP90B, but not
HSP90x, resulted in impairment of the differentiation aof
embryomal carcinoma cells into trophoectoderinal cells )73.

Expent Opln. Biol, Trer, (2002} 2(1) 7
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Paure 1b. Proposed mechanism of action of HSP90 inhibitors: the model for proteln Kinases,

A, It is thought that a similar mode of action occurs with kinases, although the components of these kinase-chaperone pathways have
not been as clearly elucidaled. However, the major distinguishing feature {in most cases) is that P23 is not recruited Lo the mature
complex. Instead, another co-chaperone CDC37 interacts with HSPI0 and targets it to kinase clients. It Is not entirely ¢elear from the
current literature which other co-chaperones are bound to this HSP90 complex, althaugh immunophiiing have been reported to be
present in some cases. The co-chaperone HOP cannot bind to HSPS0 complexes when CDC37 is present, so it can be predicted that
CDC37 is a component of the mature complex. B, Recruitment of CDC37 ta HSPSO is not ATP-deperilent, in contrast to p23 association,
and CDC37-HSPS0 complexes are still present foltowing HSPSG inhibitor treatment. Howaver, it is clear that these complaxes cannct
recruit Immalure kinases in the presence of geldanamycin. One suggestion is that the ATP state of HSPSO is impontant for high affinity’
Interactions between HSPS0-CDC37 and kinases (67). It is speculated that in the presence of HSPIO inhibitors, the kinases remain in an
intermediate complex, rather like in the case of the steroid hormone receplors, and are targeted for degradation via the ubiquilin

proteosome pathway. Based on [61),

CC: Co-chaperone; cdc: Cell division cycle protein: CHIP: C-terminus of HSP70-interacting protein; HSP: Heat shock protein.

3. HSP90 inhibitors

Due 10 tts involvement in regulating a number of signalling
pathways that are crucially important in driving the pheno-
pe of a tumour and in additon the discovery that certain
éacﬂve natural products exert their effects v/ia HSP90 activ-
ity, this molecular chaperone Is currently belng assessed as a
new target for anticancer drug development 172.73], Inhibition
of HSPY0 function has been shown (o cause selective degrada-
tion of important signalling proteins involved in ¢cll prolifera-
tion, cell cycle regulation and apoptosis, processes which are
fundamentally important and which are commonly deregu-
lated in cancer (Figure 2). An attractive ratlonale for develop-
ing drugs agatnst this target for use in the clinic is that by
simultaneously depleting proteins associated with the trans-
formed phenotype, one may obtain a strong antitumour effect
and achieve a therapeutic advantage against cancer versus nor-
mal cells, Other drugs, which may target only one signalling
pathway, or indeed act at Just one molecular target within a
pathway, do not account for the substantial crosstalk between

these signalling networks. This provides the opportunity for
the tumour cell to adapt end utilise an alternative signalling
patinvay and hence circumvent the drug clfect, resultlng in
drug resistance and persistence of the malignant phenotype.
Moreaver, in addition 1o blocking proliferative signalling/eell
cycle progression and reversing the evaslon of apoplosls,
HSPB0 inhibitors have the potentlal to target all the other
major hallmark traits of cancer (Figare 3) (74). Thus, insensitiv-
ity to growth inhibitory signals, Himitless replicative potenttal,
anglogenesis and invasion/metastasls ¢can alf be antagonised by
HSPY0 Inhibition v/a effects on key client proteins. Hence
such Inhibitars simultaneously impact on multiple biological
features assoclated twith the disease. Beocause of this, they
would be expeeted to be much more effective than a drug that
hits anly one such feature, e.g., proliferailon. Conversely, It
may be that inhibiting a number of signalling networks and
biological features could fead 1o enhanced toxicity to normal
tissue. This issue of therapeutic selectivity can only be
resolved by evaluating HSP90 inhibltors In preciinical models
and ultimately In clinical trials. The potential mechanisms of

8 Expert Opin, Biot. Ther, (2002) 2(1}



cancer selectivity will be discussed later in this review and the
way in which the varlous halliiark tralts of cancer are affected
will also be assesscd.

4. Benzoquinone ansamycins

The fitst class of HSPS0 inhibitors to be discovered was the
benzoquinone ansamycins, which include the compounds her-
bimyein A and.geldanamygin (Figure 4). These agents are natu-
ral products, initially isolated from actinomycete broths in the
1970s (75). [However, it was not untii the [980s that their poten-
tial application as antiturnour agents was discovered. They were
shown to reverse the malignant phenotype of fibroblasts trans-
formed by the v-Src ancogene [76) and subsequently to exhibit
potent anttumour activity in both Jjn vitro [17) and /i vdve ani-
mal models (78] Initially, the benzoguinone ansamycins were
thought to act as tyrosine kinase inhibitors. Flowever, it has
since transpired that depletion of oncogenic protein kinases wia
the ublquitin protecsome pathway, rather than Inhibiton of
their catalytic activity, Is predominantly responsible for their
antitumour activity. Subsequent tmmunoprecipitation and
affinity matrix studics have shown that the major mechantsm of
action of geldanamycin fnvolves binding to HSPIQ [77.79.
Moreover, x-ray crystallographic and blochemical studies have
shown that geldanamycin competes at the ATP-binding site
and inhibits the {ntrinsic ATPase activity of HSPS0 (62.805. This
In turn prevents the farmation of mature multimeric HSP90
complexes capable of chaperaning client proteins. As 2 result,
the client proteins are targeted for degradation v/a the ublgquitin
proteosome pathway. Recent results suggest that this involves
the recrultment of other regulatory proteins such as the ubiqui-
tin Jigase, C-terminus of HSC70 interacting protein (CHIP)
and to the HSP90 complex I8 (Figure a and 1b). The particu-
lar functions of these HSP90 client proteins and how they may
be affected by HSPS0 inhibition Is discussed in two cariler
reviews an HSP30 inhibitors 2731, The present review wiil
focus more on the pharmacological consequences of cllent pro-
teln depletion (sce Section 5).

Geldanamycin  showed activity in  human tumour
xenografl models but progression of this compound to ¢linl-
cal trial was hailted due to unacceptable levels of hepatotox-
fcity which was seen at doses required for therapeutic
activity (78!, However, following screentng of a range of
geldanamycin analogues at the US National Cancer Institute
(NCI), it was discovered that 17AAG (Figure 4) retains the
property of HSP90 inhibitlon, resulting in client protein
depletion and antltumour actlvity In cell culture and
xenograft models [77.81), but has significantly less hepatotox-
icity than geldanamycin 182} It remains unclear why 17AAG
has & more favourable therapeutic index than geldanamycein,
despite the small difference in chemical structure between
the two agents and the maintenance of the HSP90 mecha-
nism. It Is possible that the hepatotoxicity may be due to
some effect of geldanamyein other than HSP90 inhibition,
The role of quinone metabolism in the pharmacology and
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Figure 2. Signalling networks dereguiated by HSP90
inhibition. Many signalling cascades exist which provide the
interface between external cellular simuli and contrel of
numerous  biological  processes  within the cell. such a3
proliferation, cell cycle control and apoptosis. These pathways arg
commaonly deregulated in cancer cells and kinases/phosphatases
within these pathways have become important anticancer drug
targets. Two of the most well characterised pathways to date are
the MAPK and the PI3 kinase pathways, although a number of
other cascades exist. [t is known that a substantial amount of
crasstalk occurs between these pathways, HSPSO inhibitors are
particularly attractive anticancer agents as they cause lhe
simulianeous degradation of several key oncogenic HSP9O client
proteins that operate within these pathways (as shown in red).
Another potential advantage is that HSP90 client proteins are
involved at all fevels of the signalling pathway, from the
membrane (o the nucteus. Simultaneous blockade of severa! key
points in these various regufatory pathways that are hijacked by
cancer cells leads to cell cycle arrest and apoptosis.

COK: Cyclin-dependent kinase; ERK: Extraceflular signal-requiated
kKinase; HSP: Heal shock protein; MAPK: Mitogen activated
protein kinase; MEK: MAPK kinase; PDK: Phosphoinositide-
dependent kinase; PI3K: Phosphatidy! inositol 3-kinase; RTX:
Receptor tyrosine kinase.

loxicity of benzoquinene ansamycins is not fully under-
stood. Although both geldanamycin and 17AAG are both
metabolised by the quinone reductase DT-diaphorase
(NQOI), this enzyme potentiates the antitumour activity of
the Jatter but not the former [81,83). Whether this relates to
the therapeutic index of the agents remains to be deter-
mined. Nevertheless, 17AAG Is currently being cvaluated in

Expert Opin. Blol. Ther. (2002) 2(1) 9
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Hallmark Trait

1. Seff-sulliciency in growth signals
e.g.. aclivale Ras-oncogene

_—>

2. Insensltivity to anti-growth signals
0.9., lose retinoblasioma suppressor

—_—

3. Evasion of apoptosis
a.4., inhibit suvival faclors

4. Limilless replicative potentlal
8.¢., swilch on telomerase

—_— >

5. Sustained angiogenssls
a.9., aclivate VEGF pathway

—_—

Normat call

8. Tissue invasion and metastasls
0.g., activate HGF/SF-Met-pathway

—

Clien! proteins

RAF.1, AKT

PLK, WEE1. MYTt

AR, AKT

hTERT

FAK, AKT, HIF-1¢
Tumour cell

MET

Figure 3, How HSPS0 Inhibitors may influence the six hallmark traits of cancer. Transformation of nomal cetls into malignant cells
is a multistep process, requiring the accumulation of a number of genetic alterations influericing key regulatory processes in the cell, in a

recent review (74), Hanahan and Weinberg described six essential phenotypic traits which are required for

development of the full

rmalignant phenotype. We propose that HSP9Q inhibitors have the capacity to influence all six of these featyres. For each hallmark trait, at
least one HSPS0 client protein has been identified which has the capacity to regulate this process. Examples of client proteins are fisted
against the relevant halimark traits. The ability of HSPZO inhibitors to simuftanecusly block several or all of the key features of malignancy
is likely to be a major factor in thelr effectiveness and selectivity against cancer celis. For more details see text,

FAK: Focal adhesion kinase; HGF/SF: Hepatocyte growth factor/scatter factor: HIF-T: Hypoxia-inducible factor-1; hTERF: Human
%)merase reverse Wranscriptase; PLK: Polo-1 kinase; RIP: Receptor interacting protein; VEGF: Vascular endothelia) growth factor.

Phase I ctinlcal trials using a number of different scheduling
regimens under the auspices of the NCI and the UK Cancer
Research Campaign (CRC) (for interim reports see refer-
ences (84-87]}.

5. Downstream mode of action of H$P90
inhibitors

Qur understanding of how HSP90 inhibitors block the func-
tion of HSP90 is becoming clearer but the downsteeam seque-
lac of this inhibitlon and the mechanism by which these
agents cause antitumour activity have proved to be very com-
plex. New HSPS0 cilent proteins are continuously being iden-

tified. However, the molecular and biological consequences of
the degradation of thesc and the other established client pro-
teins remains to be elucidated. From the authors' studies (88.89)
and those {rom other groups {8091}, it Is evident that the pre-
cise effects of FISPS0 inhibition are often cell line specific and
likety to be dependent on the genetic background and bla-
chemical features of Indlvidual tumour cells. Desplee these dil-
ferences, broad spectrum antltumour activity 15 observed
acrgss different tumour types. Evidence {s emerging thal inhi-
bition of signal transduction pathways by HSP90 mhibitors
can lead to both cytostasis and apoptosis [89,91). The pathways
that regulate the cell cycle and apoptosis are commenly dereg-
ulated In cancer cells, Jeading to thelr release from the normal
cetlular control mechanisms (321, The fmpact of HSPS0 inhib-
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itors on these pathways is described In the following sections,
together with effects on invasion, angiogencesis and metastasis.

5.1 Cell cycle effects
Stgnal transduction pathways provide the interface between
external cellular stimuli and the controt of the cell cycle. The
cell cycle is a highly regulated process involving cyclin-
dependent kinases (CDKs), thefr partner proteins known as
cyclins and a number of ather regulatory proteins, Different
cyclin family members control progression through the cell
cycle by regulating the phospharylation of proteins, particu-
larly RB. Two major checkpoints exist In the cell ¢ycle 1o pre-
vent cells with damaged DNA from dividing. Thesc are
known as the G1 and G2/M checkpoints [83.94. Key players In
cell cycle control are commoenly deregulated tn cancer cells, so
that normal growth controls and checkpoints are evaded [92),
p53, the most commonly mutated tumour suppressor gene
Identifled in cancers, Is known as the ‘guardlan of the genome’
because it senses damaged DINA, causing the cell to arrest in
the G1 phase of the cell cycle and to implement DNA repair
processes (98], The G1 to S phase transition is dependent on
the hyperphosphorylation of RB by CDKd/cyetin D1, causing
RB to release the transcription factor E2F-1, thereby allowing
gene transcription and S phase entry to occur. Wild type p53
inhibits this process by inducing expression of the CDK inhib-
itor p21 CPIMAE preventing RB phosphorylation. When p53
is mutated, or otherwise functionally inhibited In cancer, cells
can no tonger arrest at this checkpoint and commenly arrest at
the G2/M checkpoint that Is regulated by Inactivation of the
CDCZ2/eyclin B complex. This checkpoint can also be Infly-
enced by functional p53 but in addition Is regulated by a
number of checkpoint kinases, e.g., WEE! and MYT1.

How may HSPSQ inhibitors impact on these cell cycle
events? The possible cell cycle regulatory mechanisms that
could theoretically be modulated by HSP90 inhibition are
Dlustrated in Figure 5. Howevee, In maost cases, only limited
evidence has been obtained to determine whether these mech-

anfsms are Indeed perturbed following treatment with HSP90 ~

inhibitors. Geldanamycin and 17AAG have been shown, In a
pancl of breast cancer cell lines, to cause a Gl arrest which
may be RB-dependent and this may In turn lead to outcomes
such as differentiation and apoptosis (90.91). The Gt block
may be caused by downregulation of signalling pathways con-
troiling cyclin D accumulation and or CDKA/cyclin D1 actlv-
ity [961. This could be mediated by depletion of a number of
HSPIO client protetns. For example, depletion of receptor
tyrosine kinases (e.g., ERBB2, EGF receptor) and/or degrada-
tion of ¢-RAF-1 would lead to reduced phosphorylation of
extracellular signal-regulated kinase (ERK) downstream of
RAS and hence decreased transcription of ¢yelin [2]. Effects
on cyclin D1 translation could be mediated by depletion of
AKT/PKB resulting In reduced phosphorylation of AKT/
PKB downstream of phosphatidyl inositol 3-kinase {PI3K)
189.96. Simultaneous blockade of both pathways by 17TAAG
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Figure 4. Chemical structures of HSPS0 inhibitors,

has been reported in colon cancer cells [89l. In additlon,
CDK4 has been identified as a HSP90 cient protein, which s
degraded fotlowing HSPS0 Inhibition 1321, Furthermore, RB
has been reported 10 be chaperoned by TRAP! during mitosis
(50). The functional consequences of this latter observation
have not been elucidated but it may have important implica-
tions for RB regulation prior to the G1 phase of the cell cycle.

A G2/M block has been reported to occur following treat-
ment with 17AAG in RB-deficient celis 20.91). However, the
requirement for RB deficiency seems 1o be cell line depend-
ent, as in other studies with human colon cancer and glioblas-
toma cetl lines, a G2/M block was observed that was
independent of RB status 182071, The only line In the colon
cell study not to undergo an arrest at the G2/M phase was the
wild type p33 cell ine HCT116 18], However, geldanamyein
was previously shown to cause 2 G2/M block In an isogenic
cell line model elther with ar without functional p53 (8.
Therefore, the influence of p53 status on cell cycle arrest and
response following treatment with HSP90 inhibitors may not

“be critical’ Another issue to be aware of is that a number of

the G2 checkpoint kinases, such as WEET, MYT1 and Polo-1
kinase {PLK), have been identified as HSPI0 client proteins
{Table 1) 126] and degradation of these could clearly influence
regulation of the G2 checkpoint. Depletion of PLK would
lead to 2 G2/M block which would be independent of RB sta-
tus, thereby overcoming loss of sensltivity to growth Inhibi-
tory signals {Figure 3 and 5). Conversely, depletion of WEE1/
MYT] would be likely lo cause inappropriate mitotic entry
and mitotic catastrophe {Figure 3). The cyclin-dependent
kinase CDC2 (otherwise known as CDKI1) hes also been
shown to Interact with HSP90 1n yeast [99] but no evidence
has been reported in mammalian cells, However, in vertebrate
cells, reduction of HSP90& by disruption of HSF genes
caused instability of CDDC2 during stress conditions {100],

A mitotic arrest has been observed when cells undergo a
G2/M block foltowing 17AAG treatment (89901 This may be a

Expert Opin, Biol, Ther, {2002} 2(1) 1
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Cydlin B1

Signalling cascades

'gure 5. Regulatory cell cycle mechanisms which may be perturbed by HSP90. The cell cycle consists of 4 phases: G1, S, G2 and
M. During the cell cycle, a number of checkpoints operate which prevent the production of cells with damaged DNA. The G1/S and G2/
M checkpoints are the most well characterised. The G1/S transition requires the phosphorylatlon of the retinoblastoma protein (R8) by
CDKAfcyclin D. The G2/M transition requires the dephosphorylation of COC2/cyclin 8 by the phosphatase CDC25C. HSPSO inhibition
results in depletion of several kinases that are important in the regulation of both these checkpoints (indicated in red). These include
CDK4 which functions during the G1/S transition and WEEY, MYT1 and PLK1 which operate during the G2/M phase. Regulation of the
G1/S checkpoint is also governed by upstream signalling cascades {for detalls of these see Figure 2).

APC: Anaphase promoting complex; cdc: Cell division cycle protein; COK: Cyclin-dependent kinase; HSP: Heat shock protein; ©:
Phosphate; PLK: Polo-1 kinase; TRAP1: Tumour necrosis factor receptor associated protein 1.

consequence of inhibition of various upstream signalling cas-
cades following HSP90 inhibition. However, tubulin Is a
known HSP90 client protein (Table 1b) [48) and therefore It is
possible that HSPI0 inhibitors may be acting as a novel class
of microtubule inhibitors. Interestingly, when the growth
Inhibitory profile of geldanamycin Is compared to other anti-
cancer agents across the NCI panc! of 60 human tumour cell
lines, for which basal gene expression patterns have been

ned, this agent clusters in the same hierarchical node as
classical tubulin inhibitors, e.g., vincristine and paclitaxel
{89,101). There are, however, complexities assaciated with this
type of analysis, not least because the geldanamycins may be
substrates for the P-gtycoprotein (PgP) efflux pump [8t]. As is
also the case with D'T-diaphorase expression [81.102), transport/
metabollsm factors, such as PgP expresslon, are likely to inter-
fere with molecular target sensitivity correlations (n so-called
COMPARE analyses of this type.

HSP90 has been shown ta be cruclal in centrosome fune-
tion (103} and this may be attributed to the degradation af the
HSP90 client protein PLK which is important for centro-
some maturation (38]. As well as influencing the onset of
mitosis, PLK degradation could theoretlcally Inhibit exit
from mitosis through deregulation of the anaphase promat-
ing complex [104],

Further work will be required to understand whether any
common mechanism may be responsible for arresting cells In
a particular stage of the celi cycle lollowing HSP3D nhibi-
tion. However, it s likely that the mechantsms controlling
checkpoint control will be dependent on the genetic back-
ground of the cell line examined and may Indeed involve a
number of regulatory cell cycle mechanisms.

5.2 Apoptosis

Recent work suggests that HSPs play a cruclal role in regulat-
ing cell survival/death pathways following cellutar stress (1)
{Figure 6). HSPs are known to function as survival factors and
(o act at numerous sites in the apoptotic machinery |105). Both
HSP30 and HSPT0 have been shown to inhibit apoptosls by
preventing recruitment of procaspase-9 to the Apaf-1 apopto-
some [106-t08). Other HSPs, e.g., HSP27, have been shown to
suppress apoptosls induced by Fas/Fas L interaction 1109
HSP70 may also intervene at other points along the apoptotic
cascade, a5 it has been shown to suppress activity of JUN-
kinase ft10] and to impair mitochondriat ATPase functlon
izl These Important findings suggest that the molecular
chaperone machinery acts as an interface that co-ordinates the
survival or death of cells following cellular stress. Further evi-
dence suggesting that FISP70 acts as a stress sensor comes
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Figure 6. The potential regulation of apoptotic pathways by heat shack proteins (HSPs) and HSPSO inhibitors {based on
1105)). H3Ps regulate apaptotic pathways at a number of levels and are involved in both the death receptor ligand pathway and
cytochrome ¢ (Cyt ¢} mediated apoptosis. Qifferent HSP family members have been shown to be important in the requlation of the Apaf-
procaspase-9 apoptosome, caspase activation, the INK-mediated apoptotic pathway. FasfFas ligand mediated apoptosis and
mitochendrial ATPase function. HSPs are also required to inhibit the formation of reactive oxygen species (ROS) and to chapesone
proteins that have undergone ceflular stress caused by heat shock, cytotoxic agents and radiation, thereby enhancing cell sunvival. A
number of HSPSQ client proteins have alsa been shown to influence the apoptolic machinery. These include upstream kinases such as
AKT/PKB and c-RAF-1, along with BCR-ABL and receplor interacting protein (RIP) (see text for details). Thus, HSPAO inhibitors have the

potential to modulate apoptosis in a number of different ways.
IAP: Inhibitor of apoptosis; JNK: ¢-Jun N-terminal kinase.

from the finding that this co-chaperone interacts with BAG-
1, an anti-apoptotic protetn and co-chaperone of HSP70 [113),
¢-RAF-1 is also known to bind to BAG-1 but when HSP70
levels are high, BAG-1 preferentially binds to the chaperone
resulting in decreased ¢-RAF-1/ERK activity and cell growth
inhibition {123). Thus, HSP70 and HSP30 may aliow the cell
ta pause and take stock of its ability to repalr stress-induced
damage before ctommitting to apoptosis, in a fashion that is
analogous 1o a cell cycle checkpoint. Clearly, these recent
findings will have to be considered when investigating the
mechanism of action of HSP30 inhibitars.

Evidence of an apoptatic response following treatment with
ansamychns has been reported In a number of studies. Treat-
ment of human leukaemla cells with geldanamyeins causes the
degradation of both the BCR-ABL tyrosine kimasc and the
AKT/PKB Ser/Thr kinase, resulting in apoptosis and differ-
entiation (35), Depletion of AKT may also cause apoptesis in
non-leukaemia cells [83]. [t can be hypothesised (hat depletion

of BCR-ABL and/or AKT would tead to reduced BAD phos-
phorylation, which would In turn Increase the activity of
proapoptotic proteins such as BAX and reduce the activity of
the antl-apoptatic family member BCL2, thereby inducing
apoptosis ¥ia cytachrome c release (Figure 8). However, no
change in BAD phosphorylation was seen in colon cancer
cells, despite both depletion of AKT and inhibition of AKT
phosphorylation by I7TAAG 189). Treatment of human colon
cancer cell Jines with 17AAG led to varlous celt line depend-
ent outcomes Including either G1 or mitotic arrest, apoptosts,
or some cambination of these effects (89). Interestingly, a colon
cancer cell Hne that falled completely to undergo apoptosis in
response to 17AAC was one which, In contrast to the ather
lincs, showed no expression of BAX and also exhibited
increased expression of BAG-1 (891, Gene transfection/knock-
out studles are required to fully understand the significance of
these observations. In human breast cancer cells, apoptosls
was noted (together with differentiation} and attributed as a

Expert Opin. Biol. Ther, (2002) 2{1) 13

iz



HSPS0 as a naw therapeutic target for cancer therapy

consequence of RB-dependent G arrest following treatmont
with getdanamycin and 17AAG [os1). Interestingly, HSP9G
inhibition by geldanamycin treatment has also been shown to
cause degradation of the death domain kinase, receptor inter-
acting protein {RIP). resulting In Inhibition of TNF-meclated
inhibiior kB {IKB) kinasc and NFxB activation f34). This sen-
sitises cells to TNI™-induced apoptosis. TINF-R1 has aiso been
shown to be chaperoned by TRAP1 (51] and therefore has the
potential to be degraded following inhibitlon of HSP90 fam-
ily members by these agents.

5.3 Invasion, angiogenesis and metastasis
Angiogencsis Is 3 multl-step process involving cell matility,
invasion and vascularisation and is crucial for the gencratlon of
malignant metastatic tumours (114, HSPO0 Inhibitors have
been implicated as potential anti-anglogenic agents for several
reasons, Fisstly, many key signalling cascades are important in
regulating angtogenesis, for example the PI3-kinase pathway
{115}, and this review has already described how HSP90 inhibi-
tors can deregulate such cascades at a number of levels,
ﬁeldanamyclns have also been shiown to inhibit the HGF/SE-
ET signalling pathway, resulting in decreased cell motility
and Invasion, as well as reverting the transformed phenotype of
c-MET-transforined cells; this occurs by depletion of ¢-MET
which is an HSP90 ctient protein [40]. In addition, geldanamy-
tin has been shown to affect actin-based cell motility driven by
vascular endothelial growth factor (VEGF) [116] as a conse-
guence of degradation of focal adhesion kinases f3g). Fuether-
rmore, HSPS0 has been Implicated in HIF-1¢ and endothelial
nitrlc oxide synthase (eNOS) activation (48.48}, both of which
regulate the VEGF pathway amongst others (115).

Precisely how HSPS0 Inhibition affects anglogenic proc-
esses such as motllity, invasion and vascularisation i7 v
remains to be elueidated. However, stnee invasion of tumour
cells and anglogenesis are essential features of the malignant
phenotype, leading to metastasis, blackade of these processes
by HSPI0 Inhibitors may contribute in a significant way to
thelr anticancer effects,

Factors important in determining cell
nsitivity to 17AAG

A number of factors may affect tumour sensitivity to 17AAG
and it remains to be seen whether any single parameter which
may be responsible for its activity can be dissected out. In the
authors’ faboratary, gene expression profiling studies were per-
formed using ¢cDNA microarray analysis with the aim of
achieving a molecular profite of 1TAAG in a panel of colon
tumour cell lines (881, Despite thelr depletion at the protein
level, expression of genes encoding cllent proteins were gener-

ally not altered. Interestingly, induction of HSP70gene family
members represented the only consister changes observed in
all the tumour cell lines investigated. The authors’ group and
others have shown that HSP70 1s induced at the protein level
In a variety of different cultured cell lines §77.888% and In

xenograft models [117] as part of the heat shack response to
HSPY0 inhibitors. This induction of HSP70 is mediated by
the transcription factor HSF1. Under norma! conditions,
HSF1 is bound 10 HSPs but dissociates under stress condi-
tans, trimerises and translocates 10 the nucleus resulting In
increased transcription of /5P genes MI. A recent paper (18]
has shown that the degree of growth inhibitary activity of
HSPY0 inhibitors may also be dependent on the level of cellu-
lar stress response caused by these agents. Interestingly, the
authors found, from their gene expression prafiling studies,
that the expression of the gene encoding the constitutive form
of HSPTQ, that is HSC70, was Induced in some tumour cell
lines rather than the Inducible form of A5P70 The mecha-
nisms involved in this difference are currently unclear. How-
ever, since HSPT0 has an anti-apoptaotic effect {see earlier) il is
likely that the inerease in iis expression may proteci the cell
against the effects of HSPQ inhibitors.

The gene expression studies demonsteated that some colon
tumour cell lines exhibited an increase in HSPI0B gene
expression and also reveaied an elevation in HSPSD protein
88). The results suggested the possibility that cells able to
Increase the expression of the HSPY0 target protein may be
less sensitive to 17AAG and may recover more rapidly from its
effects, Other genes were found ta respond to 17AAG in a cell
line dependent manner, Including those encoding Aeratin 8,
keratin 18 and caveolin-1. The significance of these changes
remains to be determined.

As mentioned earller, It s not clear whether depletion of any
particular client protein is essenttal for the antilumour activity
in tumour cells. Indeed, it seems mare likely that the impor-
tance of specific client proteins to HSPO0 inhibition will
depend on which particular oncogenic proteins are driving the
malignant phenotype in any given cancer cell. In addition, the
extent of dependence of the particular ¢lient protein on FISP0
for its conformatlonal stability may be important, together
with the kinetics of synthesls and degradation of the client.
Studies have suggested that ERBB2 may be more sensitive to
degradation v/a the ubiquitin proteosome pathway compared
to other known clients in breast cancer cell lines (90.91], Deple-
tion of ERBBZ in turnours that are primarily driven by this
ancoprotein, e.g., many breast cancers, may therefore be espe-
clally important, However, much more work is required in this
area before a detalled understanding can be obtzined.

[ssues also arlse concerning the metabolism of 17AAG In
relation to drug sensltivity. As mentioned, 178AG sensitiy-
ity has been shown to be potentiated by DT-diaphorase
{n vitro and to a lesser extent /o vive 181). The drug also
undergoes metabolism by cytochrome P450 CYPIA4 (o
produce the major melabolite, 17-amino,17-demethoxy-
geldanamycin  (17AG), which retains HSPSQ inhibitory
activity and was shown to have equivalent antitumour activ-
ity in cell culture but is not potentlated by NQOI expres-
sion [81l. Both of these metabolic enzymes have potential
imptlications In the clinical application of 1TAAG and these
are discussed later in this revigw,
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1. Potential for tumour selectivity of HSP90
inhibitors

This review has emphasised that it is not clear why there is
therapeutic selectivity for tumour versus normal tissue with
17TAAG and potentially other HSP90 inhibitors. Neverthe-
less, preclinical animal models clearly indicate that there is a
therapeutic window, as responses are seen in human tumour
xenografl models with doses causlng no toxlcity to the host
animals [81).

Although the assessment of therapeutic index can only be
fully resclved in the clinle, & number of hypaotheses can be put
forward as to why therapeutic sclectivity can be achieved with
17AAG. It could, for example, be explained simply by the
drugs pharmacokinetic properties. 17AAG is retained in
tumour tissue at higher levels and for a longer duration com-
pared to normal tissue and plasma In human tumour xenopraft
models [117.119]. This may in turn be explained by the binding
of 1TAAG to the higher levels of HSP30 that are expressed in
the tumour. However, tumour selectivity is more likely to be a
consequence of the molecular mode of action of these agents.
One of the mast important conseguences of HSP90 inhibition
Is the blockade of multiple signalling pathways, many of which
are involved in driving varlous hatlimark features of the malig-
nanl phenotype of tumours {Figure 3). Since, as mentioned
carller, HSP90 inhibitors clearly have the potential to deregu-
late all the six halimarks of cancer which are Involved in crucial
steps in tumourigenesis {74), such combinatorial blological
effects may be especially damaging to cancers that have been

.elected to be dependent.on these processes,.....

A uiTversal biological feature of tumour cells is that they
contaln many mutated proteins that are acquired durln
tumourlgenesis. In an extension of the important theory pro+
posed by Lindquist and colleagues {191 and see carller), it is
possible that some of these mutations may be buffered by
HSPYD0, thus preventing the manifestation of their potentially.-

| damaging biological effects.)Such mutations may be synthetl-

cally lethal to the Tirmounr cell If unmasked simultaneously by
HSPS0 inhibition. Another interesting posstbility 1s that the
increased number of misfolded proteins that are present in
cancer cells as a result of mutation ar overexpression may lead
to toxic averload of the proteosome when combined with the
additional pressure of HSPS0 inhibition.

There are numerous reports sugpesting overexpression of
ing evidence involves|HSP27 and HSP-'ZO.![SJ.IZO,IZI]. However,
a number of papers suggest that HSP90 expression and locali-
sation {along with other molecular chaperones) is deregulated
in transformed colls and in human tumours [8.10-12. HSP30
has been Iidentifled by ¢DNA microarray analysis to be
present in a cluster of genes that are overexpressed in breast
cancer in a fashion that correlates with ¢linical stage [7]. Given
the above observations and the biological rojes of HSP30 dis-
cussed earlier, 1t-ds-not-unreasonable-te-speculate<that-cancer-
¢ells mmay.potentlaliy have. greater-dependence-on HSP90 then

Maloney & Workman

“normalicells. More extensive studies are required to determing
the frequency of overexpression of HSPI0 and other HSPs in
malignant cells, as well as to clucidate the functlonal signifi-
cance af such differences between twmour and normal cells.,

In view of the complex downstream consequences of
HSPG inhibition, it will take some time to elucidate the pre-
clse reasons for the tumour selectivity of HSP9{ blockers, par-
ticularly since this may well be dependent on biological
context, e.g., the particular tumour type concerned and the
genetics of individual cancers.

8. Clinical development of 17AAG

Based on the navel mechanism of action and the promising
preclinical activity, Phase | clinical trials of [7AAG have been
carried out at the Royal Marsden Hospital/Institute of Cancer
Research and in four centres in the US. The alm of these stud-
ies is not only to Identify the maximurmn tolerated dose (MTD),
the recommended dose for Phase 11 studies, the nature of any
slde effects and the pharmacokinetic properties of the drug,
but also to determine whether the HSP30 rarget is belng mod-
ulated in treated patients and to define a biologically eTective
dase. Pharmacodynamic markers have been developed which
provide a molecular signature that is indicative of HSP90 inhi-
bitlon in tumour biopsies and also In surrogate normal tissue,
such as peripheral blgod lymphocytes. These molecuiar end
poimts were validated previously in preclinical lissue culture
and human tumour xenogeaft models (88891171, A number of
HSPI0 client proteins including lymphocyte kinase (LCK),
CDK4 and ¢-RAF-1, and aiso the glucose-regulated protein
(GRP}-94 client protein ERBB2, were assessed by Western
bleiting or immunohistochemistry to determine IT they are
degraded following 17AAG treatment. The most sensitive
marker, however, has proved {o be the inductan of members
of the HSP70 Family [77.1171. The authors propose that simuita-
neous induction of HSP70 family members accompanied by
depletion of cliert proteins may be a characteristic and robust
motecular signature of HSP90 inhibition.

A number of different scheduling reglmes are being
assessed in Phase | trials to determine how frequently 17AAG
needs to be administered. Tivo groups In the US are following
schedules of 5 days continuous exposure followed by 3 wecks
without drug {8687). In the authors’ own insttution and
another in the US, a once weekly schedule has been foliowed
184.85]. In both cases, dose escalation oceurs until MTD or a
biologically active dose is reached. In human tumour
xenograft models, 17AAG was Inactive when given as a single
dose but produced marked tumour growth Inhibition when
glven as a daily ip. injection at a dose of 80 mg/kg/day for sev-
eral {e.g.. five) days 81). A cytostatic effect was seen, rather
than tumour regression, and tumour growth resumed when
the drug was discontinued. Therefore, optimum scheduling
for subsequent Phase IT trials will need to be determined so as
to achieve continuous control of tumour growth. Knowledge
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of the pharmacckinetic properties of 17AAG will be
extremely useful, as will information on the kinetics af
changes in pharmacodynamic markers, in guiding decisions
regarding likely eptimum treatiment schedules. 1t is also clear
{rom preliminary clinical data that the degree and type of tox-
icity is schedule-dependent and this also needs to be consid-
ered when planning further trials with this agent. Toxic effects
seen in the Phase I studies to date tnclude Grade 2 vomiting
and diarrhoea, hepatotoxleity (transaminitis) and hypersensi-
tivity (84.87). In some cases, these effects may be due to the
administration vehicle. Also to be taken Into account is the
likely mature of any futare drug combination trials involving
17AAG and the need to acjust the drug schedute in order to
optimise any beneficial interactions, e.g., with cylotoxic drugs
(see tater).

Initial findings from the Phase | trials suggest that plasma
concentrations can be abtained that are well above the ICqq for
tumour cell growth i vitro and which are comparable to the
plasma exposures seen in responsive human tumour xenograft
models (811 Furthermore, it is clear that a biologically active
@hose of 17AAG, as determined by pharmacodynamic marker
‘iodulatlun, can be achieved in patients with only limited tox-
lcity being scen. Interestingly, 2 number of patients have con-
tinued to reccive the drug for several months, suggesting the
possibility of an inhibitory effect o disease progression, Ther—
apeutlc efficacy will be assessed In Phase 11 trials,

Although 17AAG may be useful as an anticancer agent in
its own right, it is more lkely that 1t will be combined with
traditional therapies for use in the clinic. This may be advan-
tageous given that HSP90 promotes survival in cells follow-
tng stress [ma] *fI“hus”E"'Tnh"ilﬁ!ion_aL SPY0=mayzincrease

epLisigictagents. Some evi-
dence already exists for this hypothes!s Munster er al 221
showed in a number of breast cancer cell lines thatZlTAAG,
weatmed T Was XabIEE G TeRHARGE  hezapoptaticarsptse™to
paglitaxel-and«doxorubicin (sec also commenlary by Saus-
ville ||23]) However, it“ruefr?l”ains to be seen whether this kind
of synergy can be achleved in the clinic, particularly as the
sequencing of paclitaxel and 17AAG was extremely Impor-

t. The effects of 17AAG on cell cycle checkpoints may

Pad to selective potentiation of cytotoxic agents in cancer
versus normal cells, since the former often have existing
checkpoint defects. It has also been suggested that geldan-
amycins may be useful in treating breast cancers due to their
novel ligand independent antihormone actlon, either in
combinatlon with conventional antthermone Lherapies, e.g.,
anti-oestrogens such as tamoxifen, or as a single agent in
hormone refractory discase [124].

I7AAG clearly has activity in experimental cancer models
and the carly clinical experlence appears to be encouraging.
‘The drug has certainly provided proof of principle that inhi-
bition of HSPY0 can lead to cytostatic and apoptotic effects In
preclinical models. Moreover, the early clinical data suggest
that HSP90 can be inhiblted in patients without severe side
effects. Despite these promising fndings. 17AAG has a

number of limitations as a clinical drug candidate. It is nd

readlly oratly bioavailable (119) and therefare has to be admin-
istered as an iv. infuslon. The clinical formulation of 17AAG
contains DMSO/phospholipid and is not tdeal, particularly
for chronic dosing, 17AAG is potentially a substrate for PgP
(81 and therefore drug uptake problems may be encountercd,
resulting In drug resistance. 17AAG undergoes metabolism by
cytochrome P450 CYP3A4 to produce the major 17-amine
metabolite, 1 7AG pas), which retains HSPS0 inhibitory activ{
ity (81). However, CYP3A4 1s polymorphic and has the poten-
tial to produce variable pharmacokinetic prafiles in patients,
17AAG sensitivity has also been shown to be potentiated by
NQOI in vitro and to a lesser extent /n vive (81). Polymor-

phisms in the MQO! gene leading to loss of activity arise in
approximately 5 - 20% of the population depending on eth-
nic variatlon and therefore may have an influence on patiert
response. Moreover, quinone metabolism may contribute (o
toxicity to normal tissues, so the potential usefulness of this
feature of the 17AAG molecule requires clarification. All of
the above issues need to be addressed when designing the next
generation FISPY0 inhibitars,

9. Development of novel HSP90 inhibitors

8.1 1T7AAG analogues

A cange of geldanamycin analogues have already been
described (i26.127%, of which 17AAG appeared to be the miost
promising in terms of therapeutic index. The NCI has recently
issued a request for submissions for a Collaboration Research
and Development Agreement (CRADA) to eontinue the clini-
cal development of 17AAG and to develop additional ana-
logues that moy have improved pharmaceutical properties
(e.g.. solubility, oral bioavailability) and different pharmaco-
togical behaviour (128]. Structure-activity relationships with
17AAG analogues have shed more light on the chemlcal fes-
tures required for H3P80 inhibitory actlvity and also for the
NQOI potentiation effect [126.127.123). Gene expresslon profil-
ing of 17AAG analogues as well as HSP90 inhibitors from
other chemical classes can be used to dissect out target-specifc
molecular elffects from changes solely due to the chemical
backbone of these compounds [i30. Further optimisaton of
the benzoquinone ansamycin might allow some of the Fmita-
tions outlined in the previous section to be overcome.

9.2 Radicicot

Radicicol is a macrocyclic antibiotic isolated from Monospo-
rium bonorden (Figure 4). It was shown to reverse the malig-
nant phenotype of v-Src and v- Ha-Ras transformed fibroblasts
1131132, Like the benzoquinone ansamycins, it was at first
thought to act as a tyrosine kinase Inhibitor. However, It was
shown subsequently to degrade a number of signaliing pro-
teins as a consequence of HSPI0 inhibition 1133). X-ray crys-
tatlographic data confirmed that radicico! also binds to the N-
terminal domain of HSP90 and inhibits the Intrinsic ATPase
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activity {t34]. Interestingly, radicicol is more potent at inhibit-
ing H3P90 ATPase activity compared to geldanamycin and
17TAAG 11341, even though they have simllar growth inhibitory
effects on tumour celis. This may be a consequence of differ-
ences in the cellular uptake or metabolism of these com-
pounds. Radicicol binds to all HSPI0 family members,
although 1t has a weaker binding affinily (o both GRP94 and
TRAPI than the cytosolic HSPI0 isoforms f135).

However, like ITAAG, the structure of radicicol has a
number of adverse pharmacological properties that could lead
o unfavourable metabolism. These include an epoxide resi-
due, keto group, two phenolic hydroxyl groups and a Michael
acceptor {Figure 4). It may be possible to design out these
undesirable features, whilst retalning the important interac-
tlons required for HSP90 inhibition.

Radicicol lacks anttumour aclivity /n vive due (o the
unstable chemical nature of the compound. Oxime derivatives
of radicleol (KF-25706 and KF-58333) have been synthesised
which retain the HSPS0 inhibitery activity of radiclcol and
KF-25706 has been shown to exhibit f7 vive antitumour
activity in human tumour xenograft models (136).

2.3 Coumatrins

Coumarin antibiotics are known to bind to bacterial PDNA
gycase at an ATP-binding site homologous to that of the
HSPI0 (137, The coumarin, novobiocin, was shown to bind
to the C-terminus of HSP90, i.c., at a different site to that
occupled by the benzoquinone ansamycins and radicicol
which bind at the N-terminus J138). However, this still
resulted in inhibltion of HSPY0 function and degradation of a
number of HSP90-chaperoned signalling protetns (139
Geldanamyein cannot bind HSP90 subsequent to novo-
biocin; this suggests that some Interaction between the N and
C-terminal domains must exist and Is consistent with the view
that both sites are important for HSPI0 chaperone properties.

9.4 Purine-based inhibitors

A purine-based FISP30 inbibitor, PU3, has been synthesised
based on rationale drug design with the aid of the x-ray crystal
structure (140]. This agent was shown to result in the degrada-
tion of signalling molecules, including ERBBZ, and to cause
cell cycle arrest and differentiation in breast cancer cells (140,
Although less potent than 17AAG, it is more soluble and so
may be formulated in more conventional vehicles and coutd
potentially have more favourable oral bloavallability.

10. Future HSP90 inhibitors

Analogue development programs are continuing on the
known natural product HSPS0 inhibitors, i.e., 17AAG/
geldanamcyin and radictcol, with the alm of eliminating unfa-
vourable structural features. However, these compounds are
difficult to synthesise and this process can ultimately be very
time consuming. Another option is to discaver completely
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new chemical classes of HSP30 inhibitors. Such novel chemo-
types can be identified by high-throughput screcning of
diverse compound libraries using both cell-free biochemical
assays and also cell-based readouts [14)).

It can be speculated that inhibitors may be identified which
do not interact with the N-terminal nucleotide-binding site of
HSPI0 but nevertheless discupt chaperone activity, 2s in the
case of the coumarins. An intrlgulng possibtiity would be 1o
design compounds that introduce a higher degree of molecu-
tar selectivity to the HSPS0 inhibitory activicy in terms of the
client protelns that are affected. Geldanamycin dimers have
been shown to seleclively degrade ERBBZ, although the
maechanism for this is not understood (142). An alternative
means 1o bring about degradation of particular subsers of ¢li-
ent proteins Is by targeting specific co-chaperones such os
CDC37. As mentioned eartter, CDC37 Is important In
directing HSP30 to certain kinases, e.g., ¢-RAF-] [6s]. Hence
such a strategy might be expected to result In selective inhibi-
tion of those specific pathways that are dependent only on
these kinases. Other client proteins, for exomple sterold hor-
mone receplors, wouid be left unaffected. Another strategy for
gelning a greater degree of selectivily is to develop agents that
inhibit the function of speclfic members of the HSP9O family.
This may result in degradation of cllent protelns located In
particular subcellular compartments. For example, selective
degradatlon of ERBBZ might be achieved by targeting
GRP94 which acts as the chaperone for this receptor tyrosiie
kinase within the endoplasmic reticulum.

11. Other potential therapeutic strategies

““Another-potential-strategy. for. anticancer-treatment involviig -

‘fgspgﬂuisvlmmunolherapym[lr!:l]. HSPI0 famity rmembers,
espectatly GRPP94, have been shown to be Important in anti-
gen presentation, Vaccination of animals with tumour derived
HSP/peptide complexes provides immunity to the tumour
from which the vaccine Is manufactured. This results from
tumour specific antigens which are processed by antigen-pre-
senting cells and presented to cytotoxle T-cells resulting in a
tumour-specific immune response {t43|.

«mmunotherapy. using.antibodies to_tumeour. specific pro-

“™tetns-has-been-utilised-in-theclinic and pﬁ:}mislng-ccsu[ls-,havpﬁ

‘beerisseri-with:the anti<ERBB2-antibody-Herceptin'™ (trastu-

hlerceptin-is-conjugated to. geldanamycins this enhances the -

antiproliferay aéliﬁﬁty-—.of -Ihe‘-éntlﬁbdfh[tﬂl. It also {llustrates

the potental of targeting geldanamycin, vid antibodies to
other signalling proteins, to tumour cells.
It should be noted that given the importance of HSP90 In

‘e

He ode

antigen presentation, HSP90 inhibitors may have the poten- (Q/Q?JQ

tial for Immunosuppression. However, this has not been a side
effect reported in the current Phase I clinical trials using
17AAG. Indeed i Is possible that stimulation of HSP70 could
compensate for ar even enhance antigen presentation,
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12. Conclusions and expert opinion

There Is considerable interest in developing new anticancer
drugs that act as novel molecular targets, especially those that
are directly involved in the molecular pathology of cancer 13-
16). The current tnterest in the development of HSP90 malec-
ular chaperone inhibitors for cancer treatrnent is due to the
convergence of two strands of sclentific activity, one of them
being ‘post-genomic’ and other ‘pre-genomic’. The first was
the increasing realisation, based on recent work, that HSP90
plays a cruclal role in the control of signal wransduction path-
ways leading to proliferation, cell cycle control and apeptosis,
The second was the discovery that two classes of bioactive nat-
ural products that have anticancer activity - namely radicicol
and the benzoquinone ansemycins such as geldanamycin - are
~ able to exert their cellular effects by binding to and inhibiting
the ATP interaction and hydrolysis that occurs at the N-ter-
minal domain of HSP30,
Desplte the above arguments, rhbrsHSRQB;molegu!ﬁ!ﬂChap%
“erone might-not at-first.sight=appear:to-becthermostzobvious
iGice-for amanteaficerdrugstarget:e T here 1s no evidence that
W is mutated in cancer (although extensive screening for these
may not have been carried out). It Is also expressed at high ley-
els In normal ¢ells, where in addition to lts classical role n the
response to heat shock and other cellular stresses, HSPYQ 1s
involved In the control of signal transduction mechanisms, as
well as In development and evolution. Surely then, HSP90
inhibltors would cause unacceptable toxicity to normal cells
and the therapeutic margin would be minimal?

There are, however, a number of strong arguments that sup-
port a therapeutic attack on HSPID for cancer treatment,
HSP90 appears to be overexpressed (or aberrantly localised) In
mialignant cells, HSP90 inhibitton is particularly relevant to the
trestment of cancers that are driven by an accumulation of
oncogenic events, which is the case for most {f not all advanced
cancer. HSP30 {together with its endopiasmic reticulum homo-
logue GRP94) appears to be cruciel for the correct folding, sta-
bility, localisation and function of a subset of proteins that are
heavily involved In creating and maintaining the mualignant

enotype. These include ¢-RAF-1, which is a key player in the
NAS—ERK signalling pathway, and AKT, a compenent of the
PI3 kinase pathway. Depletion of these oncogenic kinases is
readily seen with HSP90 inhibitors and simultaneous blackade
of the RAS-»ERK and PI3 kinase pathways is demonstrated by
inhibition of the phosphorylation of ERK and AKT/PKB.
Thus, two of the major mission critical trunk routes leading to
stimulatton of proliferation and the evasion of apoptosls are
both inhibited by HSPS0 chaperone drugs. Proliferative signal
transduction and cell cycle progression can also be blocked both
upstream and downstream of ¢-RAF-1 and AKT/PKB, for
example by depletion of membrane receptor tyrosine kinases
such as the EGF receptor and ERBB2 and degradation of
CDKA. It is clear that HSP30 inhibltors can overcome three of
the halimark tralts of cancer cells, namely;

* self-sufficiency in growth signals
* inscnsltivity to antigrowth signals
* evasion of apoptosis

The three remaining hallmark traits can also be blocked by
HSPY0 inhibitors:

* vestoration of limited replicative potential by degradation of
the catalytic submit of telomerase hTERT

* inhibitlon of angiogenesis by depletion of focal adhesion
kinase {FAK), AKT/PKB and HIF-1e

* blockade of invasion and metastasls by loss of ¢-MET
{Figure 3)

By simultancously tackling all aspects of the malignant phe-
notype, an HSP90 inhibitor hias the potential (o deliver a one-
step combinatorlal attack on multistep oncogenesis. This pro-
vides the capability for a powerful antitumour elfect across a
broad range of cancers and may make it more difficult for a
cancer cell to develop drug resistance,

Although the one-step combinatorial consequences of
HSPA0 artagonism can be seen as a major and potentially
unique selling point of HSP0 drugs, this does nat mean that
individual cancers may not be sensitive by virtue of effects on
a particular tocus. For example, a proportion of breast cancers
cauld be especlally susceptible to depletion of ERBB2, while
chronic myeloid leukaemia paticnts, even those resistant (o
the BCR-ABL kinase Inhibitor Glivec/Gleevee, could benefit
speclfically from the degradation of BCR-ABL. It will require
much more research to clucidate the principal mechanism of
action and downstream consequences of HSP90 blockade and
in particular to dissect out the role of context-dependent
ellects on Individual oncogenic players versus the combinato-
rial advantages of chaperone inhibitlan,

Varlations in response to HSP90 inhibitors caused by dif-
ferences [n the genetlc make-up of the particular cancer will
Involve not only differences in the client proteins involved but
also the biologlcal outcome of depletion, e.g., in terms of cell
cycle arrest, apoptosls and so on. Although such qualitative
differenices in biologlical outcome may contribute to differ-
ences in the quantitative level of response, It is nevertheless
likely that therapeutic activity will be seen across most genetlic
backgrounds and thus effective HSPIO inhibitors should have
broad spectrum antfcancer activity.

Researchers should not, however, be complacent about the
potentially adverse effects of HSPS0 inhibition on normat tis-
sues. The pathways hijacked by oncopenic actors are those
which play important roles In normal cell biology, albeit not
simultaneously. A major hypothesis for the therapeutic selec-
tivity of HSP90 is that cancers have evolved 10 be dependent
on the mission critical oncogenic gene products that require
the atientions of the molecular chaperone, It is also possible
that the protecsome machinery of cancer cells Is already over-
worked by having to deal with the upregulated and mutant
oncoprotetns in cancer cells and that inhibition of HSP90
drives themn into toxic overload. Although speculative, extrap-

18 Expert Opin. Blal, Ther, (2002) 2{1)



olation of the mutation buffering/moarphological evolution
properties of HSP90 to suggest the possibility of unleashing
ihe effects of potentiaily synthetic fethal mutations In cancer
cells is an intriguing notion. The accumulation of 17AAG In
tumour tissue, possibly due to increased HSP0 expression,
may also contribuie to its cancer selectivity.

The development of HSP3Q inhibitors has reached an excit-
ing stage with the entry of the geldanamycin analogue [7AAG
into Phase I clinical trials in cancer patients, 17AAG has
already pravided us with proof of concept in animal models
that an HSPS0 inhibttor can deliver a promising level of antl-
turnour activity at doses that are not toxic to normal tissues. It
Is not clear why 17AAG has such a therapeutic window, slbeit
a rmodest one, whereas the closely related geldanamycin dacs
not. It Is also unclear whether the dose-limiting hepatotox!clty
of 17AAG and geldanamycin are due to HSP90 inhibition or
sorne other, off-target effect, nor whether the cffects of DT-dia-
phorase/NQQOT1 are involved in some way. Nevertheless, with
the suppoart of the US NCl and the UK CRC, 17AAG has pro-
vided us with the first opportunity to test the hypothesis n the
clinie that HSP90 inhibition could provide a selective and
offective approach to the biological therapy of cancer.

The results emerging from these Phase I trials with 17AAG,
though still early, are certainly encouraging. Concentrations
significantly above the 1Cgq values for HSPS0 inhibition and
for antlcancer activity in Ussue culture are achievable in the
plasnia of treated patlents. Moreover, these exposures are com-
parable to those required for activity against human tumour
xenografts in immunosuppressed rnice, Furthermore, using
the pharmacodynamic end points developed in preclinical
models, in particular the molecular signature of the client pro-
tein depletion and HSP70 elevation, there Is clear evidence of
HSP90 inhibition in treated patients; this is true for periph-
eral blood lymphocytes and there are early Indications that
this might also occur in tumour biopsies as well, Another
major finding from the ongoing Phase ! clinlcal trial pro-
grammoe is that 17AAG is quite well 1oterated. Furthermore,
there is anecdotal evidence (no more) of potentlal therapeutle
activity, as indicated by the fact that several patients in the
Phase 1 trials have continued to recelve the drug for
several months.

Based on the emerging data, it seems likely that 17TAAG will
enter Phase I efficacy trials. These are essentlal to allow the
therapeutic activity to be deterrnined and wilt evaluate [ TAAG
as a single agent and also in comblnation with cytotoxic agents
such as pactitaxel. The design of such trials will be based on
hard evidence such as pharmacokinetic behaviour, pharmaco-
dynamic effects and preclinical combination data, together with
pragmatic considerations, such as the optimal scheduling of the
cytotoxic agent(s) when given alone. Much work remains to be
done in the area of optimal drug combinations, preciinicaily as
well as clinlcally, so that 17AAG is given the best opportunity
to futlfil ts therapeutic promise.

Despite this promise, it is already clear that 17AAG is not a
perfect HSPY0 inhibitory drug. It is hoped that this first-in-
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class agent will provide proof of concept for a therapeutic
effect via HSPJ0 inhibition in the clinic and may potentially
progress 10 regulatory approval. Nevertheless it possesses sev-
eral features that can be Improved upon. An optimal 17AANG
inhibltor would have better pharmaceutical properties leading
{o an improved formulation or would be orally binavailable to
support chronic dosing schedules. It would also aveid the
attentions of the P-glycoprotein efflux pump and would not
be metabolised by the polymorphic cytochrome P450
CYP3A4. In addition, it Is not clear whether the cffects of
DT-diaphorase/NQOI are advantageous or disadvantageous
and this feature could be retained or designed out accordingly.

The promising results with 17AAG are stimulating considera-
ble interest in the search for HSP9O inhibitary drugs. Second
generation drugs might overcome some or all of the limitations
Usted above. Several additional attractive features might be incor-
porated into future HSPA0 drugs. They could be designed to be
more selective for individual members of the HSP30 famuly, ..,
HS5P300/B, GRPI4 or TRAPI. This may lead to greater selec-
tivity In terms of depletion of particular client proteins. Alterna-
tively, 1t nay be feasible to target sites on HSPI0 other than the
ATP-binding site in the N-terminal domain, agatn with the aim
of taking out a more limlited subset of cllents, e.g., kinases, These
approaches have potential advantages and disadvantages that are
difficull to predict with any certainty. Approaches to seconct gen-
eration HSP90 inhibitors may be best achleved by analoguing
existing inhibltors, by searching for new chernical classes of
inhibitors using high-throughput screening with biochemical
and cell-based assays, and by exploiting the x-ray crystal stnuc-
tures of HSPID, particularly if these can be obtained for addi-
tional regions of HSP0 or for helerochaperone complexes.

In considering the potentiat of HSP90 inhibiiors for cancer
therapy, it is Important to remember that such drugs not only
provide proof of concept for HSPI0 as a target but also demon-
strate that molecular chaperones and protein folding pathways
are feasible targets for small molecule drug discovery pro-
grammes, Thus, it is possible to extrapolate beyond HSPYO to
other potentfal chaperone largets In cancer, for example inhlbl-
tion of HSP70 to modulate apoptosls in malignant cells. A
combination of HSPI0 inhibition with HSP70 blockade may
be of particular interest. As well as belng used as anticancer
agents, protein folding drugs have the potential to be employed
in the treatment of conditions such as Alzbielmer’s and Creuzt-
feid-Jacob disease.

It wlil be fascinating to watch as this story continues to unfold.
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The Clinical Applications of Heat Shock Protein Inhibitors in Cancer —
Present and Future
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Sutrton, Surrey SM2 SNG, UK

Abstract: The polential clinical applications of the prolotype [lrst-in-class Msp90 inhibilor 17AAG and other
cmerging Hsp90 drugs are very cxciting, Rigorously planned and executed clinical trinls, incorporating
mensurement of appropriale biomarkers and pharmocodynamic endpoints are crftical for selecting the optimal
dose and schedule. A detailed nnderslanding of the molecular mode of action of Hsp90 inhibitors alongside the
elucidation of the molecular pathology of individual cancers will help us to identify tumour types and
individual patients that will benefit most from treatment. Careful fn vitro and in vivo experiments arc needed to
chouse the most potentially advantageous combination studies. It is important to construct 8 pharmacologic
audit trail linking molecular biomarkers and phurmacokinctic and pharmacodynmnic parameters to tumour
response cndpoints, Phase | elinical studies with 17AAG have shown that the drug can be given al docs that are
well tolerated and that also achicve active pharmacokinetic exposures and clicit molecular signalurcs of gene
and prolein expression thot are indicative of Hsp90 inhibition. Furthcrmore, examples of disease stabilisation
have been documented, consistent with the generally cylostalic responses thal are seen in animal maodeis.
Selecting tumour types for Phase IT clinical trials must involve balancing 1) our knowledge of molecular
. response detcrminants, such as the expression of and dependence upan key client proteins and 2} more
pragmatic evidence of antitumour activily in the relevant preclinicol models. Examples of likely disease targets
include chronle myeloid leukaemia, melanoma, breast, ovarian, brain, thyrold, colarectal and prostate cancer,

INTRODUCTION TAKING STOCK OF THE PRESLENT STATE OF
KNOWLEDGE - 17AAG

The mechanism of action of inhibitors of the heat shock
protein 90 (Hsp90) including 17-allylamino, 17-
demethoxygeldanamycin (I7AAG), has been covered therapeutic drug in modern phase [ clinical trials, the critical
extensively in previous articles in this special issue. The questions to be asked are:
potential clinical applications of 17AAG and other Hsp90 D
inhibitors are very exciting. However, these have to be

carefally thought out. The lessens learnt from rigorously

In the course of evaluating a new molecular cancer

Is it possible to achieve drug levels in plasma and
tumour that are likely to inhibit the target?

planned and executed clinical (rials, incorporating the 2)  Is it possible to actuatly demonstrate inhibition of the
measurement of appropriate biomarkers and target in the tumous?
pharmacodynamic endpoints, are crucial to ¢hoosing the 3)  Isitpossible to achieve the above with no side-effects

correct dose and optimal scheduling of novel molecular
therapeutic anticancer agents [1, 2]. The detailed
understanding of the mode of action of these drugs together
with the unravelling of the complex molecular pathology of

. individual cancers will help us to select the indications
where Hsp90 drugs will be most clinically beneficial when
used as single apents. Well-designed in vitro and In vivo
experiments will help us to choose the mast potentially
advantageous drug combination trials. These issues are just
as important with Hsp90 inhibitors as they are with other
emerging molecular therapeutics,

or with tolerabie toxicity?

To address the first question, various schedules of
administering 17AAG have been investigated. In once a
week dosing studies that have administered 320 — 450
mg/m?, peak plasma concentrations have been 10-15 uM
(31%+%34 The mean ICsg of 17AAG for the US National

! Danerfi, U.; O'Donnelf, A Scurr, M. et al. A Plinrmacokinetically (PR} ~
Pliarmacodynemicalty (PD) Quided Phase | Triat of tha Heat Shock Protcin (Hsp90
Y Inkibitor 17-Allylamine 17-Demethoxy Oeldanemycln {}7TAAQ). Proc, Amer,
Assac, Clin, Oneal, 2003, 43, 141,

2 Banedji, U.; O'Dannell, A.; Scurr, M.; Benton, C.; Brock, C.; Hanwell, 1.;
Staplcton, 8.; Raynsnd, F.; Slmmaons, L.; Turner, A,; Waltan, M.: Workinon, P,
Judson, I, A Phanaacokinetically (PK} - Pharmacodyamimnionlly (D) Driven i*hase |
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Cancer Institae 60 human tumour cell panel is around 120
aM¥. Thus it has been possible to achieve peak drug levels
that exceed concentrations that are needed to inhibit Hsp90
in cancer cells /n vitro. In regimens exploring q5/7 once
every 3 wecks, the maximum tolerated dose (h.‘flTD). was
reported as 40mg/m? with peak plasima concentrations in ghe
range of IuM.%7 However, the length of time for which
relevant drug levels are maintained may not be optimal. At
the doses of 450mg/m? Aveek, the time above 120 nM was
approximately 24 hrs.! Of course, careful attention has to be
paid to the tissue concentrations as well as plasma
concentrations, especially because 17AAG is accumulated
extensively in cancer cells and tumour tissue, against a
concentration geadient {2, 3]. This explains the greater
celiular potency of 17AAG than wouid be expected on the
basis of its madest potency as an Hsp90 ATPase inhibitor.

The second question, as to whether pharmacodynamic
changes reflecting target Inhibition have been achieved, has
been addressed in normal as well as tumour tissue. A well-
vatidated molecular signature has been defined that appears
to be highly specific for Hsp90 inhibition {2]. Normal
tissues studied include peripheral blood leukocytes
(PBLs)L26 and buccal smears, Reproducible
pharmacodynamic changes have been seen in PBLs at the
450 mp/m2iwk dose, with ¢-RAF-1, CDK4 and LCK
depletion being clearly demonstrable while Hsp70 induction
is maintained for up to 96 hrs!. In some cases it has been
possible 10 obtain tumour biopsies before and after
treatmeid. Reproducible ¢-RAF-1 and CDK4 depletion along
with Hsp7Q inductien has been demonstrated 24 hr after
treatment’:2, Present efforts at our institution are focussing
on defining the duration of these pharmacodynamic changes.

As regards the third question of patient tolerance, the
toxicity predicted from preclinical models has been
hepatotoxicity.®? In both once a week schedules and §5/7
every 3 weeks regimens, elevation of liver enzymes has been
reported!4\7. Gastrointestinal toxicities including nausca,
vomiting and diarrhoea have also been observed!2 and
proph\ﬁ,'lactic anti-cmetics are necessary at doses above 320
mg/m2.} Varying degrees of fatiguc and anaemiz have been
reported. 18 Of concern, although not a dose limiting
toxicity, is the strong odour of DMSO excreted by the
patients as the present parenteral formulation of 17AAG
incorporales (.4% DMSO and at doses of 450mg/m? this
amounts to 20-40 ml of intravenous DMSO per infusion,

Geldanamyein (17-AAG) in Patienis with Advanced Cancer, Bur, ). Camcer 2002,
3K, 554
s .

Hew:s P Nei Nib Goy
6 Wilson, R.M.; Tekimoto, C.; Agnew, E.; E. B., Mordson, Q., Grollinan, 7.,
Thomas, R. R, 5aif, M. W, Allegea, C., Qrochow, L., Szabo, B., Hamilien, J. M.,
Monahan, B. P., Netkers, L., Grem, I, L, Phase [ Pharmacologic Study of 17-
Allylamine-11demethoxy Geldsnamyein {AAG) o Patients with Advanced Solid
Tumours. Froc. Amer. Sac. Clin, Oncal. 2001, 20, 82,

7 Aprew, E; Wilson, R.H., Morrisen, Q. Ciinical Pharmacokinctics of 17
Allylsmino-17demethoxy Geldanamycin and the Active Metabolite 17 Amina
Demethory Geldanamyein Given as sn One Mous Infusion Daily for Days. Proc,
Amer. Assue. Carcer ftes. 2002, 43, 272,

g .

Page, 1.; Heath, 1; Fullt?n, R, Comparisan of Geldanamycin {NSC-122750) ond
17 Allylaminogeldanamycin (NSC-330507) Toxieity in Rats, Proc. Amer, Assor.
Cancer Res. 1997, 38, 208,

Noker, P, &,; Thompson, R. 8.; Smilh, A. C.; Tomoszewski, J. €.; Page, ). G,
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The extent to which DMSO contributes to the non-
hepatotoxic side effects of the drug is not fully known.
Improved formulations for F7TAAG would be advantageous.
Alternatively the development of new HspS0 inhibitors with
better pharmaceutical properties would be desirable.

HSP90 INHIBITORS USED AS SINGLE AGENTS

One of the drawbacks of drugs targeted to specific
components of complex signal transduction pathways is that
there is often redundancy und cross talk between pathways,
leading to the activation of multiple downstream
transcription factors. Furthermore, cancers are commonly
driven by multiple oncogenic abnormalities and they hijack
many pathways that sustain the malignant phenotype. For
these reasons, incomplete responses are likely to ocecur when
only a single molecular target is modulated
pharmacologically. Hsp90 inhibitors deplete multipie
proteins important to signal transduction, cell cycle
regulation, apoptosis, invasion, angiogenesis, metastasis and
immortalisation: thus combinatorial attack on these multiple
oncogenic targets should potentially result in a powerful
anticancer effect when Hsp90 inhibitors are adininistered as
single agents [4]. Furthermore, blockade of inultipie targets
should also provide Hsp90 inhibitors with a broad spectrum
of activity against many tumour types, regardless of the
particular-combinations of cancer genes that drive those
cancers, Sotne of the key targets, their biotogical functions
and examples of links Lo certain cancers are illustrated in
Table [.

Table I, Client proteins of the Hsp90 Chaperone Complex
that are Known to be Deregulated in Malignant

Disense
Client Proteln Function Exsinple of
malignancy
Qazstrogen Reccptor- _Ejgand mediated Breast |5]
transcriplion
Andragen Receptor Ligand mediated Prostaie [6]
transcriplion
ERB-B2 Signal Transduclion Breast [7)
RAF Signat transduction Melanoma [8,9)
BCR-ABL Fusion proteln CML, [10)
casuing proliferation
AKT P13 kinese signalting Qvarian [11),
Cervical {12
CDK4 Celi cgcle regulation Ovary [13}
{G1/8 checkpoint)
SRC Signal iransduction Colen [145],
Rreast {15]
h-TERT Cell sencscence Breast, Lung {18)

Conventlonally, phase I trials establish the optimal
dosage and scheduling of nove! agents and these are then
examined in phase [I trials in & wide rango of malignancics.
This broad approach has pitfalls, as evidenced by a phase [l
trial in breast cancer of trastuzumab (Herceptin; a
monoclonal antibody to ERBB2/HER2), where it was found
that while the overall responsc rate was 26%, the response
rate for tumours that were scored as more strongly ERBB2
positive by immunohistochemistry was 35% as compared to

v
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0% in those with lower expression of ERBB2 [17}. This
underlines the importance of choosing a patient population
with a clearly defined molecular pathology when planning a
phase 1] study. The selection of a disease setting based on an
anatomical site of origin tagether with a defined molecular
abnormality, or even entirely selected on molecuiar
abnormalities, will be appropriate with many molecular
therapeutic agents targeting highly specific molecular
abnormalities.

How does this analysis fit with Hsp90 inhibitors, which
we have agued above will hit wmultiple molecular
abnormalities and tumour types? The answer to this question
is not clear. 17AAG has shown a broad spectrum of activity
against various different types of cancer cells in tissue
culture [18)%, Differences in sensitivity have been scen, but
these are probably attributable to factors such as the
exptression of multidrug resistance pump proteins and the
quinone-metabolising enzyme DT-diaphorase/NQOL (1 8].
Nevertheless, it is also possible that other molecular factors,
including the status of and dependence on key oncogenic
abnormalities, may also affect differential sensitivity to
Hsp90 inhibitors. A detailed discussion of this issue is
provided in reference 4] (see also article by Maloney ef af,
this issue). Examples of key oncogenic proteins that have
been considered in regard to response include RB, ERBB2
and AKT/PKB, Other factors include the ability of cancer
cells to alter the expression of potentially protective gene
products in response to drug treatment, including the anti-
apoptotic Hsp70, the molecular target Hsp90 itself and also
the Hsp90-activating protein AHAI {19, 20]. The cellular
status of various cell cycle control proteins and apoptotic
regulators such as BAX and BAG-1 may also be critical,
particulatly in terms of whether cancer cells respond to
17AAG by undergoing G! arrest, G2M blockade or
apoptosis [21]. 1t has been proposed that simultaneous
inhibition of both the RAS — RAF — ERKI/2 MAP
kinase pathway and the Pi3 kinase — PDK] — AKT/PKB
pathway may be cspecially important, as shown for example
in colon cancer cells [21). Published human xencgraft
studies have demonstrated that colon, prostate, breast and
melanoma tumours are responsive to 17AAG (e.g. ref. [18];
sec also ref, [4] for review).

Ali of the above studies are helpful but do not directly
point to 4 definitive set of phase 1l studies for 17AAG or
other Hsp90 inhibitors. A pragmatic solution, which
nevertheless takes into account current mechanistic
knowledge, is to prioritise those cancers that are established
to express and be at least partlally driven by, or dependent
upon, the gene products and pathways that are established to
be affected by 17AAG, while at the same time ensuring that
there is evidence for antitumour activity in laboratory
models corresponding to those cancers. Looking at Table |
for example, an obvious candidate disease would be chronic
myeloid lenkaemia (CML) as It is almost solely driven by
BCR-ABL, which is a client protein for Hsp90, Other clear
possibilities could include: HER-2 positive breast cancer;
ovarian cancer, glioblastoma and other tumouss in which the
PI3 kinase pathway is aclivated, for example by loss of
PTEN (based on depletion of AKT/PKB and inhibition of
its phosphorylation); melanomas, thyroid cancer and
colorectal cancers harbouring BRAF mutations (based on the
specnlation that BRAF as well as ¢-RAF-1 may be a client
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protein); and also hormone resistant prostate cancer where
oncogenic kinases are likely to be activated. On the other
hand, one may argue that the list of client proteins of Hsp90
is still incomplete and that until such time as we fully
understand the biclogy of cancer, it may be premaiure Lo
restrict the phase 11 trials of Hsp90 inhibitors to narrow
molecularly defined options.

Hsp90 Inhibitors in Combination with Conventionnl
Cytotoxics

Combinations of heat shock protein inhibitors and
conventional cylotoxic agents have been studied /n vitro and
in vivo. Drugs investigated have included paclitaxel,
doxarubicin, cisplatin and topotecan.

17AAG has shown enhancement of paclitaxel-mediated
apoptosis in SKBr-3 breast cancer cells and antiproliferative
synergy with paclitaxel has been demonstrated in SKBr-3
and also BT-474 breast cancer cells [22). The scheduling of
the 17AAG in relation to paclitaxel is of vital importance. It
has been shown that if 17AAG was administercd before
paclitaxel in SKBr-3 cells, there was a reduction of
paclitaxel mediated apoptosis; however, if administered afier
paclitaxel, 17AAG enhanced paclitaxel mediated apoptosis
(22]. A possible explanation put forth was thal 17AAG
caused an RB-dependent G1 arrest, thus limiting the cells
that proceeded to the G2M checkpoint at which antitubulins
such as paclitaxel exert their effects [22]. Non-small cell
lung xenografts (H358) treated with 17AAG and paclitaxel
showed additive growth inhibition in vivo and also enhanced
apoptosis and reduced the microvasculature in the treated
tumours [23].

The possibility of combining 17AAG with cisplatin has
been explored in A2780 avarian cancer and in HT29 and
HCT116 colon cancer cetl lines!0 [23, 24]. The data from
these in vilro studies have shown either additivity or
antagonism. As with paclitaxel, the key may lie in exploring
the relative scheduling of the two drugs.

When 17AAG was added after the anthracycline
doxorubicin in vitro, enhanced apoptesis was observed in
SKBr and BT-549 breast cancer cells [22]. The combination
of 17AAG with the topoisomerase | inhibitor topotecan was
found to be antagonistic in A2780 ovarian cancer cells!h {2,

HSP90 INHIBITORS IN COMBINATION WITH
OTHER NOVEL AGENTS

As highlighted earlier in this article, Hsp90 inhibitors
have the advantage of depleting a variety of oncogenic client
proteins crucial to highjacked signal transduction and
deregulated celt cycle control. It may then seem to be

0 Vasilevskaya, 1 Rokitina, T.V., O'Dwyer, P. Geldanawyein and s 17
Allylamuino Derivative Antogonize the Action of Cisplatin in Human Colon Cancer
Cells. Proc. An. Assoe. Cancer Res. 2002, 43, 342,

I , . . . .

Vosilevskaya, 1.; Rekidina, T,; O'Dwyer, P. Additive Interaciton of Platinum
Compounds and 17AAG in Calan Cancer Cell Lines Depends on Intaet INK
Sipualling, £uvr, J. Concer 3002, 28, 560

12 Banerjl, U Walian, M3 Judson, L Warkman, P. Combivation of the eal
Shock Protein (Hsp%0 ) Intibitor 17-Allylamine 17-Demeothoxy Getdannmycin
{17AAG) erd Conveationnl Cytotoxies I an Qvarian Cancer Cell Ling Madel.
Fur, J. Cancer 2001, 38, 552,



388  Crirrent Cancer Drug Targets, 2003, Vol 3, No. 5

perverse to suggest cambining Hsp90 inhibitors with other
drugs that intervene with specific molecular targets in these
areas. On the other hand, the aclivities of these latter agents
may well be incomplete and suboptimal. Therapeutic
modulation of the same target or pathway by two different
approaches may ensure a more complete blockade.
Combination of an Hsp90 inhibitor with a signal
transduction antagonist or cell cycle blocker coutd provide a
‘belt and braces’ effect. It could also help prevent resistance
that might otherwise arise via a single nolecular
mechanism,

Obvious candidates of this type that might be combined
with 17AAG to beneficial effect include the BCR-ABL
inhibitor imatinib (Gleevec) [24] and the anti-ERBB2
monoclonal antibody trastuzumab (Herceptin) [17). Both
these agents are currently approved and their targets are both
client proteins of the Hsp90 chaperons complex.

The receptor tyrosine kinase — RAS — RAF - MEK
— ERK1/2 MAP kinase pathway has been found to be
dereguiated very frequently and in diverse ways in multiple
forms of cancer, Inhibitors of individual components of this
pathway have met with only partial success. Examples
include inhibitors of various receptor tyrosine kinases,
farnesyl transferase inhibitors, which may or may nol
modulatc RAS family members, and the RAF kinase
inhibitor BAY43-9006 [25]. Cross-talk and redundancy
between multiple components of the signal transduction
cascade has been suggested to be one of the possibic causes
of failure of these novel signalling inhibitors and the
combination of such agents with a more broad spectrum
signal transduction inhibitor like 17AAG could provide
additive or synergistic activity [26].

The combination of Hsp90 inhibitors with drugs acting
on the PI3 kinase pathway is also an attractive possibility.
As Hsp90 inhibitors deplete AKT/PKB, an important
component in the PI3 kinase pathway, and also inhibit its
phosphorylation [21], it will be interesting to explore
combinations of Hsp90 drugs with PI3 kinase and m-TOR
inhibitors, Only the latter are currently in clinical trial,

Equally of interest is the potential combination of Hsp9%0
inbibitors with drugs acting on various components of cell
cycle control, which are also modulated by 17AAG and
other Hsp90 blockers.

The possibility of the addition of Hsp90 inhibitors to
proteasome [nhibitors is an exciting one [27]. Hsp90
inhibitors block the normal folding of client proteins and
promote their proteasomal degradation. Simultaneous
treatment with a proteasome inhibitor would be expected to
cause the accumulation of unfolded client proteins in- the
cell, leading to additive or synergistic effects.

Overcoming the Limitations of Hsp90 as a Target

Hsp90 constitutes about 1% or more of all proteins in
the cell [28]. Hsp90 tends to be upregulated in cancer cells
and these are likely to be more dependent than are normal
cells on cancer-causing proteins because of oncogene
addiction [29, 30}. Nevertheless there are potential risks
associated with the side-effects of Hsp90 inhibitors as a
result of effects on client proteins in normal cells. For
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example, the client protein LCK is involved in T cell
signalling and chronic depletion of client proteins could
potentially lead to immunosupression [3[]. It remains to be
seen whether normal tissue effects arising through Hsp90
inhibition will prove to be a rea! issue. If so, one possible
solution may be to develop inhibitors to specific members
of the Hsp90 family, such as GRP94 which may
preferentiafly chaperone ERBB2 [32]. Such an approach may
resirict the number of client proteins affected, and hence may
lielp to increase the therapeutic index of Hsp90 inhibitors in
the future,

Overcoming the Limiting Factors of the Present
Generation of Hsp90 Inhibitors

A more immediate challenge is to overcome the potential
limitations of the first-in-class Hsp90 drug 17AAG.
Alternative Hsp90 inhibitors available in the laboratory
include other benzoguinone ansamycins such as 17DMAG
[36) derivatives of the macrolide antibiotic radicicol [37] and
purine based inhibitors {38).

The present problems with 17AAG include
hepatotoxicity and suboptimal pharmaceutical properties,
particularly poor water solubility and oral bioavailability
[13]. Although 17AAG has been shown to be less
hepatotoxic than the parent compound geldanamycin, it still
remains the dose-limiting toxicity, 17DMAG has greatly
improved solubility and is a promising potential candidate
for phase I clinical trials!.'4 [36). Additional possible
limitations of 17AAG include its metabolism by the
polymorphic enzymes cytochrome P450 CYP3A4 and
NQOL/DT-diaphorase, potentially leading to variability in
pharmacokinetics, toxicity and response, together with the
ability to act as'a substrate for the P-glycoprotein MDR |
multidrug resistance cfflux pump [4]. Potency on the Flsp90
target is also inodest,

Radicico) has limitations because of unfavourable
pharmacalogical properties, in particular caused by a
potentially reactive epoxide group {4). However, oxime
derivatives of radicicol such as KF25706 have shown better
pharmacokinetic properties (33].

Coumarin derivatives are able to inhibit Hsp90 [34),
apparently via a tocus distinet from the N-terminal ATP-
binding site that is iuvolved in the mechanism of action of
benzoquinone ansamyeins, radicicols and purines {35, 36].

Computerised modelling and X-ray crystallography are
being used active]?/ to aid the scarch for newer inhibitors of
Hsp90 [35,36]115.16, The combination of these techniques
along with high throughput screening!? should lead to the
future development of improved Hsp90 inhibitors for
clinical trials [4].

13Jing. L., Egorin, M.; Lagawits, F.; Hamburger, D. R.; Joseph, B.; Covoy, 1. M,;
Eiseman, J, L. Phaemacakinatics and Phannacedynwinics Effects of 17-Dimethoxy
Aminatthyt Aming-17 Demethoxy Geldansimycin (NSC 707545} an the lent
Shock Proteins and Raf in Mice, Prac. Anicr, Assoc. Cancer Res. 1002, 41, 332,
145mith, V., Sausville, E.; Camalier, R.F.; Fiebig, H. H., Burger, A, M. 17-DMAQ
(NSCI07545), a Warer Soluble Geldanamyein Analogue, Has Superior in Vilro
and in Vivo Anfilumour Activity Compared to the Hspd0 Inhibitor 17AAQ. Fur
J. Cancer 2002, 38, 560
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Tite Clintcal Applications of Heat Shock Protelu Inhibliors in Concer
CONCLUDING REMARKS

The present article has focused on the potential clinical
applications of 17AAG and future Hsp90 inhibitory drugs.
This class of agents has great potential because of the ability
to hit simultaneously many multiple pathways that are
important in cancer and to modulate all six halimark traits of
malignant cells. Ealy promise is indicated by the fact that
17AAG is generally well lolerated, that active plasma
concentrations can be achieved, and that the molecular
signature of Hsp90 inhibitors can be observed in peripheral
blood lymphocytes and tumour biopsies from treated
patients,

There are, however, many challenges ahead. We have
discussed here a number of the key issues currently facing
the clinical development of 17AAG and other potential
Hsp90 drugs. In particular, we need to define the optimal
dosing schedule, taking full account of
pharmacokinetic/pharmacodynamic relationships and
recognising the importance of building a pharmacological
audit trail that links all the steps from the drug targst,
through drug exposure to drug effect [3, 4). In terms of such
PK/PD endpoints, although molecular assays based on
blood samples and biopsies of normal and tumour fissues
have been exceptionally useful, the development of
surgically non-invasive molecular and functional
spectroscopy imaging endpoints would be invaluable [37).

There is still much to understand in terms of the
molecular mechanism of action of Hsp90 inhibitors and the
genes that can control sensitivity and resistance. The ability
to block multiple oncogenic pathways and overcome
combinatorial oncogene addiction is consistent with in vitro
and tumour xenograft data that point to a broad spectrom of
activity. On the other hand, particular tumours may be
especially sensitive because of their dependence on certain
critical client proteins. Figuring out which tumour types
will be most appropriate for phase [l efficacy studies will be
especially important. A number of possibilities have been
discussed in this article, including malignant melanoma

wl:gre biologicat and clinical activity has been seen in Phase
1.

The mechanism of action of 17AAG supports its
evaluation as monotherapy. Single agent activity is certainly
scon in animal models. However, the use of Hsp90
inhibitors in combination with either cytotoxic agents or

USpavis, B.; Collier, A Dymoele, D.; Finch, H; Teard, L.; Surgenor, A.; Woed,
M. Appronch to Siruciure Based Drug Discovery for the Hsp20 Femily. Lnr, J.
Cancer 11012, 38, 510},

Iti[iazu'ril. X.. Davis, 8. Colller, A, Daktwino, P.; Drysdale, M., Dymock, B.;
Finch, H.; Howes, R.; Hubberb, R.; Mcdonald, T.; Pearl, L Pradromaoy, C,;
Roberison, A.; Sheridan, L. Surgenor, A.; Workman, P, Struelure-Based Drog
Discovery Based on a Novel Inhibilor of the Hsp$0 Malecular Chaperane. Froe,
An Axsec. Cancer Hes, 2003, 44, 196-797,

”Ahcmo, W.: Maloney, A Shorp, 5.; Glarke, P,; Walton, M., Hardeastle, Al
Boxall, K.; Richards, J; Rowlands, M. Newball, Y.; Raynnud, F.; Smilh, W.;
Nutloy, B.. Mcdonald, E; James, K Choung, J; Matthews, T.; Roe, M,;
Prodrowion, C.; Pearl, L.; Werkian, P, Discovery of a Nowel Synthetic Inhibiter
of the Hup90 Molecular Cheperone, Prac. Am. Assoc. Comcer, fes. 1003, 44,
915-916, Axxoe. Concer Res 1999, 40, 121,

"SBanorji‘ U.; Clarke, P, Wation, M.; Q'Donacll, A.; Raynaud, F.; Turner, A,
Judson, 1, Wotkman, P. Preellnical and Clinical Activily of the Molecular
Chaperone Inhibilor 17-Aliylamino, 17-Demethoxygeldenamycin (17AAG) in
Malignant Melanoma, Proc. Am, Axsne. Concer Res, 2003, 34, 677,
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other modern molecular therapeutics is niso warranted. Some
of the key issues have been discussed here, including the
choice of the best drugs (o use in combination with Hsp90
inhibitors and also the importance of the precise temporal
scheduling of the agents in the sclected combinations.
Unfortunately, onr laboratory models of drug combinations
arc probably not very predictive of clinical efficacy and
utility.

Finally, we have discussed here the potential for the
development of improved Hsp90 inhibitors for future
clinical evaluation. The use of technologies such as
compuler-based design/X-ray crystallography and high
throvghput screening is likely to have a big impact. The
next generation of Hsp90 inhibitors might be anticipated to
show improvements with respect to some of the cutrent
limitations of 17AAG. In addition, drugs exhibiting greater
molecular selectivity, perhaps based on inhibiting particular
members of the Hsp90 molecnlar chaperone family, could
also be extremely interesting,.

During the clinical development and use of Hspd0
inhibitors, it is important to oblain and exploit the maximal
amount of molecular and pharmacokinetic/yharmacody namic
information, while at the same time being pragmatic shout
the options available and the decisions made. 1n this way, il
should be possible to realise the full potential of Hsp90
inhibitors for cancer treatment.
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Novel Targeted and Immunotherapeutic Strategies in

Chronic Myeloid Leukemia

Joseph Schwartz, Javier Pinilla-Ibarz, Rui Rong Yuan, and David A. Scheinberg

The advanced understanding of the molecular blology and mmunology of chronle myoloid feukemia (CML) has led to

novel tharapeutic strategies unique to thls disease. CML res

ponds to Immune-medlated theraplos, inciuding stem cell

transplantation, donor lymphocyte infusion {DL1), and Interferon alfa. T cells and other Immune effectors are Impllcated
In the machanisms of action of these lmimuna theraplos. Recently, ¢linlcal observations supparted by taboratory data
have demonstrated the presence of CML-specific T cells in patients. Several protelns may potentially act as
lsukemia-speclflc antlgens for major histocompatlibllity complex (MHC}-restricted cytotoxlcity in CML, and active
specific theraples (vaccines) are in development. Antigens under investigation Includs her-abl, PR1, Wilms tumor
protein (WT1), minor histocompatibllity antlgens (mH), CML-66, CML-28, and survivin, Other strategles target vascular
endothalial growth factor (VEGF) and heat shock protein 90 (Hsp90) Inhibitors or make use of CML-derlved dendritic

cells (DC).

Semin Hematol 40:87-26. Copyright 2003, Elsevler Science (USA). All rights reserved,

HRONIC MYELOID LEUKEMIA (CML) is a

malignant hematopoictic stem cell disorder
chavacterized by the presence of the Philadelphia
(Ph) chromosome.®* The Ph chromosome represents
a recipracal translocation between the long arms of
chromwosomes 9 and 22, U9;22)(q34:q11).73 The mo-
lecular consequences of this wanslocation are juxta-
position of the c-abl oncoegene from chromosome 9
into the breakpeint cluster region (ber) within the ber
gene on chromosome 22, resulting in a chimeric
her-abl gene, 24439 The fused genes encode a 8.5-kb
chimeric mRNA, which s translated into a 210-kd or
190-kd proigin.®10.% This ber-abl protein shows ty-
rosine kinase activity, is uniquely present in the leu-
kemia cells of CML patients, and ts necessary and
sufficient for transformation.?s The moleeular biol-
ogy of CM1. makes it a uselul model for the develop-
ment of therapeutic strategies that targel unique or
highly restricted antigens. CML responds (o im-
mune-mediated therapics, including stem celt (rans-
plantation, donor lymphocyte infusion (DLI), and
interleron alfa. A tyrosine kinase inhibitor STI-571
(Gleevee) was recently shown to block the Abl-coded
kinase activity 1o provide significant clinical benefit
in patients with CMI..28.43 Novel targeted and immu-
notherapeutic strategies in CML will be discussed
(Tables 1 and 2).

True Tumor-Specific Antigens: p210-
b3a2, p210-b2a2, and pl90-ela2

The p210 (expressed in the majority of patients) and
p190 are new proteins uniquely expressed in CML
cells; the junctional regions of p210 and P190 contain
a scquence of amino aclds that is hot expressed on
any normal protein. In addition, as a result of the
codlon split on the fused message, a new aminoe acid

(lysine in b3a2} versus glutamic acid in b2a2 or eia2
fs present at the exact fusion point in the b3a2 pro-
teins. Therefore, the unique amine acid sequehnces
encompassing the b3a2, b2a2, or ela2 breakpoinis
¢an be considered truly tumor-specilic antigens, De-
spite the inracellular location of these proteins, short
peptides produced by cellular processing of the fu-
sion protein products can be presented on the cell
surface within the clefu of human teukocyte antigens
(IMLA) molecules, and in this form they can he recog-
nized by T cells 628197

CML p210-b3a2

Recent data support the hypothesis that peptides that
bind to HLA with moderate to high affinity are capa-
ble of T-cell stimulation after natural processing and
cell surface presentation within the clefi of the appro-
priate HLA. We and others have demonstrated the
tmmunogenicity from fusion region-derived pep-
tides of p210-b3a2 in the context of major histocom-
patibility complex (MHC) class |, Screening large
numbers of fusion peptides from the junctional se-
quences of CML. has identified p210-b3a2—devived
fusion protein amino acid sequences with appropri-
ate anchor motifs for binding 1o class | and 1§ HLA
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Tabla 1. Stratagies tor Speclfic Immunatherapy of CML

@ Paptide vaccings
. ® Proieln vaccines

® DNA vacclnes

& Dendrillc gells

¢ Antibodles

® Antl-angiogeneslis

molecules. We found four peptides derived [rom the
b3a2 CML breakpeint that bound with high or inter-
mediate affinity 10 HLA A3, A1), and B8.1213.1539 A
{ifth nonapeptide that binds to HLA A2.1 molecules
was recently identified 97 Moreover, lysis of ber-abl
b3a2 leukemic cells by CD8 " b3a2 peptide-specific T
cells in a MHC class 1-restricied and —unrestricted
manmer has been described in humans, 20.23.62.64.6907
However, the lysis of ber-abl b3a2 wamor cells (which
present peptides endogenously processed) appears 1o
be inefficient and not clearly demonstrable in all
systems.e269.97

Recent clegant mass spectrometry studies have
demonstrated the presence of eell surface HlA-asso-
clated ber-abl peptides previously described as bind-
ers of HLA A0301 in primary CML cells from HLA
A3-positive patiemts. In addition, these patients
mounted r cylotoxic T-cell response to this peptide
that killed autotogous CML cells and yet, more inter-
esting, a peptide-specific HLA-letramer demon-
strated the presence of circulating peptide-specific T
cells. This was the first direct evidence for expression
of a ber-abl-derived pepride on the cell surface in an
HI.A moleculc™

Until recently, all of the p210 class 1 peptides
described belonged 10 the ber-abl junction. Peptides
derived from the abl-ber junction (detected by poly-
merase chain reaction [PCR] in about 80% of CML
patients) can efficiently bind to several class 1 mole-
cules (A1, A2, A3 ALl, B7, B27, and B-35). The same
group also demonstrated an HLA A0201-restricted

cytotoxic T Iymphoceyte (CT1) specific for an abl-ber
peptide.to

Support for the immumogenicity of synthetic ber-abl
fusion peptides capable of interacting with class [0 MHC
molecules has been accumulating as well, Pepticies cor-
responding to the b3a2 fusion sequences were shown to
bincd DR3 (DRB1*0301), DR4 (DRB1*0402), and DRI 1
{DRB1*1101), and 13a2 peptides have been shown 1o
induce HLA DRI(DRB1*0101)-, DR2 (DRBI*1501)-,
DR4 (DRB1*0401)-, DR (DRB1*0901)-, and DRI}
(DRB1I*1101)-restricted  proliferative  responses  of
CD4* ¥ lymphocytes and cytotoxic cell responses asso-
ciated with DRB1*0901,'249.7081.83, 93

Processing of endogenous her-abl protein by CMI.
cells has been proved biochemically in the context of
class 12'; indireet evidence for processing of p210-
b3a2 has been deseribed within peripheral blaod
mononuclear cells (PBMC) in a patient treated with
mitomycin C, as well as in a murine system, 19995
Some investigators have sugpested that ber-abl-spe-
cific CD4" T lymphocytes can distinguish CML and
normal cells directly via recognition of the her-abl
fusion peptide in the context of the FILA class 11
expressed on leukemic cells. A b3a2 CD4* cell line
prolilerated in response to stimulation with b3a2-
positive CML blasts in an HLA DR-restricted man-
ner, suggesting that C4™" T lymphocytes can di-
rectly recognize a ber-abl fusion peptide that is
naturally processed and expressed on CMILL cells.®!
Furthermore, b3a2-specific CD4" CTL clones ex-
erted strong specific cyloloxicity against b3a2 pep-
tide-toaded B-lymphoblastoid cell lines (B-LCI1.).95
This clone was able 1o specifically recognize dendritic
cells (DC) from HLA-matched CML patients and
produce interferon gamma, but it failed to show any
cyiotoxicity as measured in a chromium-51 release
assay against the same DC.%6 Cytotoxiclty as well as
the interferon gamma production was characierized
by b3a2 spécificity and HLA DRY restriction, imply-
ing that ber-abl-specific CD4"Y T lymphocytes can

Table 2. Targets Evaluated in CML

Target Rationale Referonces

BCR-ABL 1(9,22) chimerle fusion protaln in CML 20,23,62,64,69,96,97

Proteinase 3 Hormal proteln overexpressod tn myelold leukemla cells 54.57

Wt Normal proteln overexpressed In AML, ALL, CML 8,38,66-68,94

Minor histocompatibility antigons Normal protelns with small dilference In amino acid sequence 31-33,78
between individuals )

CMLBS/CML28 Proteln derlved from CML cDNA expression library 92,93

Survlvin inhibltor-of-apoptosts proteln oxprassed In myelold loukemlia cells B,16,58

Dendritic colls Derlved from bone marcow myalold progeniter cells or PEMC with 23,47,69,88,89
specific cytokine combinations

Yascular andothellal growth factor Protein involved In tumor anglogenesls 1,48,86

Heat shock protein 90 (Hsp90) Hsp9Q Is a molecular chaperone required for stabllity of signal 363,75

Inhbitors

prateins

33
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recognize the ber-abl protein in the context of HLA
DR molecules.?*2 Similar results have been reported
by vthers using a CD4" T-celt clone from a CMIL
patient after DL

CML p210-b2a2

A 23-mer b2a2 peptide that bound with intermediate
affinity 10 H1.A DR3 did not result in any peptide-
dependent cells on in vitro sensitization of DR3 or
any other donor class [T molccules.”® More recently,
repetitive stimulation of T lymphocytes with a 17-
mer peptide covering the fusion region in p210-12a2
led 10 specific T-cell responses.® CD4 and CD4/CD8
double-positive clones obtained from a b2a2 peptide-
specilic cell line were cytotoxic and proliferative inan
HLA DR2a (DRB5*0101)-vestricted fashion. How-
ever, autologowns Epstein-Barr virus (ERV)-trans-
formed cells, transfecied 1o express ber-abl/h2a2, and
altogencic HLA D-matched p2 10-b2a2-positive cells
from CMI. patients were not lysed. Finally, her-abl
peptide-specific T-cell clones killed autologous EBY
cells transfected with invariant chain (i) ¢<DNA in
which the HIA class l-assoclated invariant chain
peptide (CLIP) was replaced by a ber-abl 2a2 fusion
oligonucleotide sequence, illustrating the potential of
these T cells 1o recognize an endogenous ber-abl b2a2
ligand. These data suggest that the ba2 epitope for
T-cell clones genernted was presented by HLA DR2a
molecules afier endogenous synthesis and optimized
processing for MHC class 11. Recently, the generation
of a DRBI* 1406 was found to restrict a h2a2-specific
clone, clicited with the same 17-mer b2a2 pepiide,
iHustrating thift presentation of b2a2 fusion peptide
need not be restricted 10 HLA DR2a.95

Our grotp was unable to find b2a2 class 1 peptides
that bound with MHC class i molecules, except for
low-affinity binding to B8 and A11.13 Additionally,
others did not identify any A3 binders in b2a2 de-
rived peptides.?® Qur results were recently confirmed
by the demonstration of low binding of a b2a2-B8
peptide; however, an HLA B44—binding peptide was
described.!s

CMI/ALL p190-ela2

The ela2 translocation, yielding a p}90 fusion pro-
tein, oceurs in up to 30% of adults with acute lym-
phoblastic leukemia (ALL) and in half of adults with
ALL expressing the Ph translocation. By screening
large numbers of cla2 junctional scquences fusion
peptides 6 10 14 amino acids in length, our group has
identlficd p190-ela2~derived fusion protein amino
acid sequences with appropriate anchor motifs for
binding to class L and 11 HLA molecules. We found six
peptides derived from the ela2 CM, breakpotnt with
binding to HILA A0201, A3, Al1, and A24 molecules
on live or fixed normal and leukemic cells using a

competitive radioimmunoeassay. Some of these pep-
tides generated peptide-specific CD8 T-cell TeSPOnses
in healthy human donors as asscssed hy chromium
release and interferon gannma ELISPOT assay. Thesc
responses were peplide-specific and MMC ¢lass 1—
restricted.

Peptide-specific MHC class ll—restricied prolifera-
tive responses were scen after siimulation with a
peptide spanning the p190 fusion point in three do-
nors (HLA DR types 030171104, 070171601, and
0101/0301). The generation of a Ch4* cytatoxic
T-cell clone from a healthy HIA-DRBI*1501 donor,
able to recognize and kil autologous monocyte-de-
rived DCs pulsed with cta2 peptide, has been de-
scribe. o480

The present data do not provide proof of process-
ing of endogenous pl90 protein, but demonsirale
that the ela2 fusion region is potentially immuno-
genic and may serve as a target for the hmmune
systemn, ?

Clinical Trials With ber-abl Breakpotnt
Pepticde Vaccines

CML presents a unique opportunity o devetop ther-
apeutic strategics using vaccination against a fue
tumor-specific antigen that is alse the oncogenic pro-
tein required for neoplasia.

We initiated a phase 1 dose escalation wrial to
cvaluate the safety and immunogenicity of a multi-
dosc, multivalent ber/abl breakpoint peptide vaceine
in 12 adulis with chronic-phase CML. We included
the four peptides that we previonsly described as
capable of hinding to HLA class 1 molecules and
cliciting T-cell vesponses.'®13 I addition, because all
of the class ! and 11 motils are not known, and cerain
motifs may be not entirely exclusive or inclusive with
regard to the peptides that can bind 10 them, it is
possible that other potential, unidentified, antigenic
peptides existed within the 25-mer b3a2 Junctipnal
peptide we described as a class H binding peptide.}?
Hence this larger peptide was included both o elicit
cluss 11 help and also because it may be processed by
celis for class | presentation. Cohoris of three patients
each recetved either 50 pg, 150 ug, 500 pg, or 1,500
g of total peptide (equal amounts of five different
amino acid sequences) mixed with 100 ug of Q8-21
as an immunologic adjuvant. Delayed-type hypersen-
sitivity (OTH), humoral responses, and unprimed ex
vivo autologous proliferation (*H-thymidine incor-
poration} and cytotoxicity (*'Cr release) responses
were measured. All 68 vaccinalions were well 1o0ler.
ated without significant adverse effects. Three of the
six patients treated at the 1wo highest dose levels of
vaccine generated peplide-specific T-cell prolifera-
tive responses ex vivo (n = 3}, and/or DTH responses
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{n = 2), lasting up 10 5 months after vaccination.
CTI. have not been identified. ™

A safe and active dose was chosen for the phase |1
study. Adult CME patiemts with any HLA type and
h3a2 breakpoint were vaccinated five times over a
10-week period using a preparation of six peptices
(100 g each) and the immunologic adjuvant QS-21
(100 gg). Patients with an immunologic response
received three additional monthly vaccinations, and
those with a cominued response received another
three bimonthly vaccinations. We employed the
same peplides used in the phase Uirial plus the newly
described TTLA A2 peptide.”” Immune and clinical
responses were measured al pretreatment, several
times mid-study, and at swudy endpoint. tmnjune
response was delined as cither D'TH, ex vivo C4
awologous profiferation (*H-thymidine incorpora-
tion), interferon gamma ELISPOT specific Tor the
peptides, or intracellular llow cytometry for inter-
feron ganmma. Clinical response was measured by
bone marrow evaluation, cytogenctics, and PCR test-
ing for ber-abl, Eleven of 12 assessable patients had
DTH or CD4 proliferative responses thal developed
after beginning vaccinaiions, and six of 12 palients
have shown interferon gamma release by CD4 ELIS-
POT at one or more time points. The responding
patients included six patients after bane marrow
transplant with evidence of relapsed discase. Three
patients demonstrated a decrease in Ph percentage
(all concurrently recciving interferon alfa), and two
patients vaccinated for recurrent disease after alloge-
neic trangplant became PCR-negative after eight vac-
cinations, In copelusian, a tumor-specific breakpoint
peptide-derived vaccine can be salely administered
and can elicit measurable peptide specific immune
responses in nearly all treated patients, even afler
bone marrow tansplant.!#

Sclf-Antigens

Proteinase 3

Proteinase 3, a serine protease siored in azurophilic
granules, is a differentiation antigen associated with
myeloid granule formation, Proteinase 3 is overex-
pressed ina variety of myeloid leukemia types includ-
ing CML cells. Thus, it has been considered a possible
target antigen {or specific active Immunotherapy.
CTLspecific for an HLA A2 | restricted nonpolymor-
phic peptide (PR1) derived from proteinase 3 showed

HLA-restricted cytotoxicity and inhibited CML pro- -

genilors over normal marrow ¢ells. 33 The degree of
lysis andt inhibition was proportional 1o the PRI over-
expresston within the lewkemic cells, and premature
ontogenic expression of proteinase 3 was detecied in
CD34" leukemia cells. 3436

PR1-specific T cells could be identified by HLA

A2-PRI peptide MLA tetramers in the majority of
CML patients who responded to cither interferon alfa
or allogencic bone marrow wransplamation.’? Un.
treated patients and chemolherapy-ireated pitlicnis
as well as healthy donors had undetected PR1-spe-
cific CT1..3¢37 Furthermore, the appearance of these
CTL correlated with cylogenetic responses to iner-
feron alfa.3? PR1-specific CTL isolated from these
patients were capable of lysing fresh leukemia cells,
Based on these positive initia) investigations, PRI-
based vaccine trials have been initiated and prelinii-
nary results of a phase 1 study recently reported,®
PR1 peptide was administrated subcutaneously every
3 weeks (for a wtat of three doses) 10 two leukemia
patients who relapsed after allogencic bone marrow
transplantation, onc of them with CMI.. One hun-
dred percent donor-derived PRI-CTL were identified
in both paticnts using a PRIHLA A2 1euamer. PR -
CTL from both patients showed PRI peptide speci-
ficity in functional killing assay. The CML patient
had no clinical response, however, with persistence
ol 95% Ph-positive cells.

The Wilims Tumor Protein

The Wilms rwmor protein (WT1) is a scll-protein
expressed in a time- and tissue-specific manner dur-
ing embryogenesis. WTT is cxpressed at very low
tevels in the nudleus of some adult normal tissucs,
sich as hematopoietic precursor cells, kidney cells,
and gonadal cells, However, most human leukenia
cclis highly overexpress WTI regardiess of the leuke-
mia subtype.®13? WT1 is highly cxpressed in CML
cells in blast crisis, but not in the chronic phase. Tt is
also expressed in normal CP34* hematapoietic pro-
genitor cells, but at a low level compared with that in
acute leukemia cells.”5¢ WT1 expression has been
used as a leukemia cell marker for the diagnosis of
minimal resicdual disease.* The suppression of WT1
expression by WTI1 antisense ofigonucleotide can
ihibit the growih of leukemin celis 291 suggesiing
that WTI is involved in the process of leukemogen-
esis. If WL is prelerentially expressed in a vartety of
human lteukemia cells, but rarely in most normal
cells, it may be possible to develop immunotherapeu-
tic strategics for leukemia by wargeting this protein,

Immunization in vivo of mice with a 9-mer W11
peptide containing anchor motifs for binding 1o MHC
class | molecules clicited WTL-specific CTL.4® Fur-
ther, hmmunized mice rejected challenges by WTl-
expressing tumor cells and survived lor a long time
with no signs of autoaggression by the CTL. These
findings indlcate that WT1 protein s an auractive
novel tumor antigen,

Recently, human CD8Y T.cell clones (TAK-1,
NIM-1) were gencrated directed against dilferent
WTl-derived peptide sequences. ¢6694 “The clanes
lysed autologous cells loaded with a WTl-derived
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Y-mer peptide in an HLA A24-restricted manner.
Cells were also cytotoxic o HLA A24—positive leu-
kemia cells expressing W1, but failed to harm HILA
A24-positive leukemia cells that did not express
WTL. HLA A24-negative leukemia cells, or HLA
A24~positive normal cells, The effects of TAK-1 and
NIM-1 on cytotoxicity against leukemic cells were
nolsynergistic, suggesting that recognition of a single
epitope on the tamor-spectfic antigen by CTL is sul-
ficient (o exert maximal cytotoxic activity agains
tuimor cells.® Other investigators have also gencrated
WTl-derived peptide-specific and HI.A A0201-re-
stricted. CTL%7 HLA AO201-restricted CTL spe-
cific for the WT1 pepiide lysed leukemia cell lines
and inhibited colony formation by CD34™ leukemic
progenitors isolated from patients with CML, but did
not alfeet normal CD34™ cells. These data strongly
imply that WTL peptide is processed in leukemia
cells, expressed in the context of the appropriate
HLA, and recognized by CD8" CTL. For clinical
applications targeting WT1, the devclopment of
effective means to clicit anti-WT1 responses in vivo
via peptide vacctnation, administration of peptide-
loaded DC, adoptive transfer of WT'1-specific CTL,
and WT1 DNA vaccination®* would be necessary.

There is also evidence for humoral immune re-
sponses against WT1. Two groups?®V found a high
incidence of WTl-specific serum antibodies in pa-
tients with leukemia inchuding CML. Auntibodies re-
active with W' [ull-length pratcin were detected in
19% of CML patients tested in contrast to 2% of
normal individuals.3” IgM and 1gG isolypes of WT1
were lrequent [n CML and other hematologic malig-
nancices, but rare in healthy volunteers, and the si-
multaneous production of 1gM and IgG WTI anti-
bodies was limited to paticnts.2® The higher
incidence of antibody In CML patfents is consistent
with immunization to the WT1 protcin oceurring
as a result of bearing WT')-cxpressing malignancy.
Likely, strong and persistent stmulation by the WT1
antigen is needed to generate immunoglobulin iso-
type class switching from 1gM to 1gG WT) antibod-
ies. Furthermore, as this switching generaily requives
T-cell help, T-cell immune responses against WT1
protein should have occurred in the patients with 1gG
WT1 antibodies. These data should encourage fur-
ther testing of vaccines against WT1 in order to elicit
and/or boost the inmmune response to WT1.

Minor Histocompatibility Antigens

Human minor histocompatibility (mH) antigens are
polymorphic antigens in which the polymorphism
results in single amino acid differences in a normally
expressed protein among different individuals, giv-
ing rise to unique peptide antigens. 2387 mH antigens,
inherited independently from HLA, show broad or

restricied tissue distribution and appear 0 play an
imporiant role in gralt-versis-host disease (GvH1)
alter bone marrow (ransplantation as well as in the
graft-versus-leukemia (GvL) effect afier DILL MHC-
restricted mitl antigen-specific CTL with tissue dis-
tribution limited to bone marrow have heen isolated
from allogeneic stem cell wansplant recipients with
the intention of developing protocels using them in
adoptive immunotherapy afier allogeneic bone mar-
row transplany, 2326

mi antigen-specific CTL can lyse freshly ohained
myeloid leukemic eclls and can inhibit their clone-
genic growth; this recognition is MHC restricied.
Furthermore, donor-derived leukemia-specific CT1.
clones were generated in vitro, using irradiated leu-
kemic cells. Finally, a patient with accelerated-phasc
CML. with leukemia-reactive CTL was successfully
treated.3-33.78 The amino acid sequence of a small
number of antigenic mH peptides has been recently
definec. 2386 The identification of the hematopoictic
lineage-restricted HA-1 and MA-2 antigens and the
presence of their HLA A0201 binding motifs allows
the possibility of ex vivo generation of mH HA-1-and
HA-2-specific CTL from unprimed mH HA-1- and
for HA-2-negative healthy blood donors using HA-1
and HA-2 synthetic peptides pulsed onto antigen-
presenting cells such as DC.4% The ex vivo-genet-
atedd HA-1- and HA-2-specific CTL efficiently lyse
leukemic cells derived from patients with acute my:-
cloid or acute lymphoid lenkemia, ' Furthermore.,
injection of T tymphocytes specific for a single immu-
nodominant mH antigen cradicmed leukemia cells
without causing GvID.?% This observation was re-
cently supported by in situ disscction of the grafl-
versus-host activities of CTL specific for mH showing
little or no graft-versus-host induction by hematopoi-
etic-restricted HA-1 and HA-2 mH antigens as op-
posed 10 ubiquitously expressed mll antigens.??
Thus, cffective nontoxic immunotherapy of hemato-
logic malignancies way be achieved by targeting sin-
gle immunodominamt mH antigens.

Other New Tumor Antigens

CMLGG and CML28

CMLG6 and CML.28 are tumor-associated antigens
initially cloned from a CML cDNA expression library.
The CML66 antigen is localized to human chroma-
some 8q23, while CML28 Is located 1o 19q13, a
region associated with chromosomal abnormalitics
in some hematologic malignancies. They were found
to be cxpressed in leukemias and a variety of solid
turor cell lines but not in normal hematopoictic
tissue.9223 Expression in CML cells was 1.5-fold
higher than in normal PBMC when quantitated by
reverse transcriptase PCR (RT-PCR) {or CML66 and

36
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4.4-lold higher for CM1.28.9293 The development of
high-titer 1gG antibodies specitic {or cach of these
antigens was dewected by enzyme-linked immunosor-
bent assay (ELISA) and was correlated well with
immune-induced remission of CML in patients who
received a DLLY4Y Using ELISA, specific antibodies
for both antigens were also detected in sera from 13%
te 38% of patients with lung cancer, melanoma, and
prostate cancer.®?? The immunogenicity of these
antigens and their association with effective antim-
mor immunity in CML suggest that they may be 2
possible target for antigea-specific immunotherapy.

Survivin

Survivin, a member of the inhibitors-of-apoptosis
gene family, is expressed in a cell eycle-dependent
nEnner in most comman cancers but not in normal
differentiated adult tissues.'® Survivin can be de-
teeted by different methods (Western blot, RT-PCR)
in all mycloid Jeukemia cell lines and almost all
primary acute myelogenous lenkemia (AML) and
ALL samples tested. There is very low or no expres-
sion in normal CD34" cells and normal PBMC, .58
Thus, survivin may be another candidate 1arget for
immunatherapy. nitially, survivin was found o be
able to induce specific CD8™ clfector T cells in vitro
using autologous pulsed DC as antigen-presenting
cells.”™ Later, CTL responses 1o survivin were ideiti-
licd in chronic lymphoblastic leukemia patients.?
The same group later described spontancous CTL
responses against survivin-derived MHC class [ re-
stricted T-cell epitopes in leukemic patients bath in
situ and ex vive Moreover, survivin-reactive T cells
isolated by magnetic beads conted with MHC/peptide
complexes were cytoloxic 1o HLA-matched wumors of
different tissue types.s

Dendritic Cells

DCare potent antigen-presenting cells that efficiently
process and present antigen, which leads to effective
sensitization of naive T lymphocytes.® Human DC
can be obtained from myeloid progenitor cells in the
bone marrow and also {rom hwman peripheral blood
monocyles in the presence of eytokine combinations
such as granulocyte-macrophage colony-stimulating
factor (GM-CST), inlerleukin-4 (i1.-4), twmor necro-
sis factor-a¢ (TNFa), and CD40 ligand® Scveral
groups have successfully generated DC from the pe-
ripheral blood of CMI. patienis using different com-
binations of cytokines. The cells obtained carried the
morphologic and phenotypic characteristics of DC
and continued to express the t(9;22) transloca-
tton, 30423977 Fupctional analysis of these cells dem-
onstrated that they were potent stimulators of in vitro
lywmphocyte proliferation. The CML DC could stim-

ube avtologous T lymphoceytes in vitro, afier which
the stimulated T cells were shown 1o have developed
strong cytotoxicity against autalogous CMIL cells, bui
low reactivity against MEC-matched normal hone
marrow cells, 245

DC-stimulated T eells also inhibit growah of Gl
clonogenic precursors in colony-forming assays.™
Reinflusion of adherent peripheral blood mononu-
clear cells weated with [L-4 and GM-CSF from two
CMI. patients resulted inin vivo priming of T cells so
that they could respond 1o subsequentin vitro rechal-
lenge with fresh autologous leukemia cells. Although
cytotoxic T cells against leukemia cells were nol
demonstrated, these primed reactive cells conld pro-
liferate and procduce interferon gamma when cocul-
tured with leukemia eells.*? The subcutaneous vacei-
nation of CML paderts with DC gencried from
CD347 cells or monocytes in the presence of GM-
CSF,IL.-4, and TNFa, using keyhole timper hemocy-
anin (KLH) as adjuvant, was well 1olerated. DTH
could be documented and was usually apparent afier
the third DC injection.®#® Similarly, in mice, inmu-
nization of mice with DT loaded with the syntheric
specific ber-abl chimeric nonapeptide, fed 10 a £50-
fold higher frequency of ber-abl-specific CTL precur-
sors in the spleen than in control mice inununized
with peptide alone#' 1o vitre restimulaiion of DC
peptide—primed splenoeytes resulied in substanial
secretion of nterferon gamuma and augmented cyto-
Iytic activity against a 12B1 leukemia target ccll line.
Finally, vaccination with peptide-loaded DC signifi-
cantly prolonged survival in mice challenged with
t2B1 leukemia cells. The ability 1o generate ber-abl-
specific CTL in vivo by DC-based immunization may
have therapeutic benefit in the treaunent of CML,
One patient was treated with CMI-derived DC vae-
cine following awologous peripheral blood stem cell
transplantation?®; the vaccination caused a decrease
in the numbgr of Ph-positive cells in the peripheral
blood and bone marrow. A clinical trial of CMIL-
derived DC vaceine for patients with late-stage inter-
feron-refractory CML has been inititated.22

Other Novel Therapeutic Avenues

Yascular Endothelial Growth Factors

Increasect microvessel denstty is present in the bone
marrow of patients with hematologic cancers includ-
ing CML. Plasia vascular endothelial growth factor
(VEGF) levels are significandly higher in CML. pa-
tients than in normal controls.! In addition, the num-
ber of VEGF-positive bone marrow cells Is signifi-
cantly higher in CML patienus than in normal
controls and corvelates with bone marrow vascular-
ity.*® Furthermore, VEGF receptor-1 mRNA has
been detected in all CML samples tested.” The im.

27
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pact of elevated VEGT expression on the course of
CML is unknown, Radioimmunoassay was used (o
demonstrate that high levels of VEGF exist in bone
marrow samples taken from patients in ail phases of
CML, and there appearcd to be a significant correla-
tion with swrvival in patients with chronic-phase
CML* These data suggest that VEGY may play a role
in the biology of CMI. and thay largeting VEGTE via
antibody or soluble receptor sirategics may prove 1o
be a potentinl therapeutic option.

Heat Shock Protein 90 Inhibitors

Heat shock protein 90 {(Hsp90) is a molecular chap-
erone whose association is required for the stability
and function of signaling proteins on which cancer
cells are highly dependent. HspY0 chient proteins
include transeription factors such as mutant P53 and
hypoxia-inducible factor 1er, transmembrane kinases
such as erbB2, and soluble kinases including v-Sre,
Akt, Ral-1, and Ber-Abl.6! HMspY0ais-constitutively

AP LaL2-1030-fold-higher tevelssimstumorcells:

R P S
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Hsp90 inhibitors, by specifically interacting with «
single molecular target, cause the destabilization and
eventual degradation of Msp90 client proteins. The
most widely studied Hsp90 inhibitors are geldanamy-
cin {GA) or U7-allylaminogeldanamyein (17AAG). In
CML, in which one HspB0 client protein, her-abl, is
directly implicated in the pathogenesis of the disease, -
use of inhibitors may prove to be effective. The ber-
abl protein is dependent on association with Hspo0
for its stability and treatment of cells with GA or
F7AAG leads to rapid destruction of bereabl? High
concentration of these two inhibitors as well as use of
another Hsp nhibitor (radicicol) has been shown to
fnduce apoptosis in CMI. cell Hnes (K562), as well as
in cells transfected with the ber-abl gene.5375 The
Hsp90 inhibitors can also be used to increase polency
of other therapentic modalities. Low-dose GA pro-
moted caspase activatton causing sensitization of
K562 and BCR-abl-expressing HL60 cells to previ-
ously ineflective levels of doxorubicin.!! As 17AAG
destabilizes Ber-Abl protein by altering Its association
with Hsp90, its activity should not be affected by
resistance mechanisms such as overexpression of the
tyrosine kinase or point mutation,
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