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Abstract

Background

Single-agent radioimmunotherapy (RIT) has demonstrated efficacy in B-cell
lymphomas but has been relatively disappointing in solid tumours. To improve
its efficacy combinations of RIT with new agents are being investigated. One
rational combination, from preclinical studies, is RIT and a vascular disrupting

agent (VDA).

Aim

To complete two Phase | clinical studies: 1) using single-agent RIT in Hodgkin
lymphoma (HL) and T-cell Lymphomas and 2) combining RIT with
Combretastatin-A4-Phosphate (CA4P) for solid tumours. Angiogenic cytokines
and circulating cells were investigated as potential biomarkers for VDA induced

hypoxia.

Methods
Two phase |, open-label, non-randomised dose-escalation clinical trials were

131
| was

completed. In the lymphomas a murine CD25-antibody conjugated to
used in 14 patients. In CEA-expressing gastrointestinal tumours an anti-CEA
(carcino-embryonic antigen) antibody, A5B7 was used with CA4P in 12 patients.
ELISA (enzyme-linked immunosorbent assay) measured angiogenic cytokines in
serum and flow cytometry assessed Tie-2 monocytes and EPC’s. Hepatic artery

embolisation was used as a model for acute tumour hypoxia.

Results

The *}-CHT25 study demonstrated efficacy with a response rate of 67% at or
above the MTD (maximum tolerated dose). In solid tumours ***I-A5B7 and CA4P
produced one minor response with a corresponding tumour marker fall.
Erythropoietin, VEGF (vascular endothelial growth factor) and Tie-2 monocytes

increased post embolisation and would merit further investigation as potential
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biomarkers. Angiopoietin 2 appeared elevated in both malignancy and liver
disease and was an independent prognostic factor but did not rise post-
embolisation. This supported previous work suggesting angiopoietin-2 was

derived from surrounding liver rather than tumour.

Conclusion

Single agent RIT appears effective in lymphoma but further research is required
in solid tumours. More potent VDAs have since entered clinical trials but the
development of biomarkers to determine response will be vital. VEGF,
erythropoietin, Tie-2 monocytes and EPC’s would merit further investigation for

that role.
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Chapter One Introduction to radioimmunotherapy

Cancer remains the second commonest cause of death in the United Kingdom;
only circulatory disease is more prevalent. Cure may be possible in localised
disease with a combination of surgery, radiotherapy and chemotherapy (1) but
is not commonly possible in disseminated disease (2), with the exception of
germ cell tumours (3), haematological malignancy (4) and more rarely ovarian
epithelial tumours. High-dose chemotherapeutics have not improved the cure
rate in common solid tumours (5) either because a tumouricidal dose cannot be

delivered due to toxicity or because tumours become drug-resistant.

Chemotherapeutics are not specific to cancer cells, instead targeting generic
processes such as cell division. All rapidly dividing cells are therefore affected
and toxicity can be severe. The 2008 National Confidential Enquiry into Patient
Outcomes and Death (NCEPOD) considered patients dying within 30 days of
chemotherapy and concluded treatment had hastened or caused death in 27%
(6). Recent research has focused on the need for more targeted agents such as

radioimmunotherapy (RIT).

1.1 Targeted agents

Monoclonal antibodies contain a targeting moiety and an effector region
capable of causing tumour cell death. Cytotoxicity can be augmented by
conjugation to an additional effector molecule like a radionuclide, immunotoxin,
chemotherapeutic or cytokine. In this chapter, due to considerations of space,

only radioimmunotherapy will be considered further.
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1.2 Radioimmunotherapy

Radioimmunotherapy (RIT) is the combination of a monoclonal antibody and a
radionuclide. The combination of a radioisotope and antibody is a
radioimmunoconjugate (RIC). In addition to targeting cells with the appropriate
antigen nearby antigen-negative cells are affected via the ‘cross-fire’ and

‘bystander’ effects.

Figure 1.1 Radioimmunotherapy

Radionuclide

Antibod‘

Crossfire

Tumour antigen ' Effect

DNA strand breaks

Tumour cell

The ‘cross-fire’ effect occurs as radiation may be deposited away from the
target cell (7). Radiation-damaged cells also cause ‘bystander’ effects on
neighbouring cells via signalling mechanisms which may produce cell death (8).
These effects may be advantageous if they affect relatively inaccessible or
antigen-negative malignant cells but if they damage healthy cells toxicity will
result. The most sensitive organ to RIT is the bone marrow (9) and in non-

myeloablative RIT bone-marrow sensitivity is often dose-limiting.
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Additional advantages of RIT include the potential presence of a gamma-
emission allowing distribution and targeting to be assessed via imaging. Cell

internalization of the antibody-antigen complex may also not be required.

1.2.1 Choosing a radionuclide for RIT

A variety of radionuclides have been considered for incorporation into a RIC

131 and *°Y are in current widespread use in

(radioimmunoconjugate) but only
RIT. The physical characteristics of some radioisotopes considered for RIT are in
Table 1.. Bone-seeking radionuclides such as *’P and *°Sr used in metastatic

bone disease are not considered here.

When selecting a radionuclide the emission type is considered as well as the
linear energy transfer (LET) and the physical half-life. The RIC needs to be
compatible with the tumour localisation rate of the selected antibody and with
the character of disease to be treated (minimal residual disease or large-volume

metastatic) (10, 11). No ideal radionuclide for RIT currently exists.
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Table 1.1 Radionuclides considered for radioimmunotherapy

Radio- | Emission | Half- Mean | Energy | Imaging Comment
nuclide | type life Range | Enax possible?
(days) | (mm) | (keV)
B B 1y 8 0.4 0.81 Yes Inexpensive
Radiation safety
Dehalogenation
Dy B 2.7 276 |23 No Difficult imaging
Bone seeker
YLy B 1y 6.7 0.28 | 0.5 Yes Bone seeker
¥Re | By 3.8 092 |11 Yes
Re |BIy 0.7 243 |21 Yes
*Cu B 1y 2.6 0.6 0.57 Yes Long tumour
retention
Problematic
chelator
212gj al/B /y |0.04 0.04- | 6.09 Yes Effective in
0.1 hypoxia
Unstable
daughter product
e 0.3 0.04- |5.87 Yes Effective in
0.1 hypoxia
Unstable
daughter product
®Ac |alB 10 0.04- | 5.83 Yes
0.1
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1.2.2 Beta-emitters

Radionuclides in current use predominantly emit [3-particles. These have a long
and variable range but a relatively low LET across that range. An extensive
‘cross-fire’ effect is seen (10, 11). Beta-emitters with a particularly long range,
such as Y, are theoretically more suited to bulky tumours or heterogeneous
antibody expression. In minimal disease, most of the energy from long range
emitters may be deposited outside the tumour (12, 13). A mathematical model
found the optimum size for curability assuming a homogenous radionuclide
distribution was 34 mm for *°Y and 3.4 mm for *'I (13).

177

Radio-metals such as *°Y or Y’Lu become trapped in the cell and are more

resistant to break-down (14) but have complex radiochemistry and require

131 can

chelators such as tiuxetan to bind antibody (15). The halogens such as
be conjugated to antibody relatively easily but **'I is degraded after endocytosis
(14) with a natural affinity for the thyroid. Potassium iodide administration
during RIT is required to prevent gland failure. The radiometal *°Y preferentially
deposits in bone, increasing the risk of myelotoxicity (7).

B3I produces high-energy y-emissions, requiring in-patient shielding post-
therapy, adding to cost and restricting therapy to self-caring patients. Pure [3-
emitters such as °°Y avoid this problem but their distribution cannot be assessed
directly via a y-camera, although **!In can be substituted (16). Both *"’Lu and

31| and show potential for use in RIT

*’Cu have y-emissions of lower energy than
(11). A study of the three radioisotopes I, *°Y and ®’Cu found higher tumour
doses with the first two but a better normal tissue to tumour ratio with ®’Cu

with an improved therapeutic window (14).
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1.2.3 Alpha-emitters

Alpha-emitters have a short range, of about 1-2 cell diameters (50-60 pim) and a
high LET across that range (approximately 400 fold higher than B-emitters) so a
cell can potentially be killed by a single interaction (11). These features make
them potentially suitable for accessible tumours with homogenous antigen
expression such as leukaemias (17), tumour vasculature antigens (18) or
minimal residual disease (19). Difficulties in the production, labelling and
dosimetry of d-emitters have so far proved challenging either due to their short
half-lives (20) or for **Ac, with its longer half-life there is a problematic decay

pattern with daughter compounds generating toxicity.

Clinical trials of a-emitters have been performed. ***Bi conjugated to an anti-
CD33 antibody in 18 patients with relapsed myeloid leukaemia demonstrated
tumour targeting with a tumour: normal tissue ratio 1000 fold higher than with
B-emitters. Circulating blast levels fell in 14 of 15 patients and bone marrow
blasts in 14 of 18 (17). In melanoma ***Bi conjugated to anti-MCSP (melanoma-
associated chondroitin sulphate proteoglycan), an antigen expressed on both
melanoma cells and pericytes, gave a response rate of 14%, attributed to

damage of the more easily accessible pericytes rather than cancer cells (18, 21).

1.2.4 Auger emitters

Auger electrons are emitted when a nuclide decays with electron capture
triggering emissions of orbital electrons (auger electrons) and gamma rays. They
have short ranges of 1-2um and a high LET, however they need to be
internalized into the cell, preferably adjacent to the nucleus, to be most
effective (22). If internalized their high LET means they can be profoundly

cytotoxic. Their ‘cross-fire’ effect is negligible although a significant ‘bystander’
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effect may be present. They are relatively non-toxic to normal body cells that do

not bind and internalize the RIC.

Clinical trials have shown benefit with auger emitters. For example Anthony et
al treated 27 patients with gastroenteropancreatic (GEP) neuroendocrine
cancers who had failed all conventional therapies, with ***In-pentetreotide.
Clinical benefit was seen in 62% with objective responses in 8%, hormonal
biomarkers fell in 81% and tumour necrosis occurred in 27% (23). Recent work
to improve auger therapy has led to the development of fusion proteins
incorporating a nuclear localisation sequence (NLS) to the RIC. The NLS allows
for an enhanced translocation of the bulky RIC towards the nucleus where DNA
(Deoxyribonucleic acid) damage will be greater. Initial in-vitro and animal work

of this technique look promising (24, 25).

1.2.5 Antibodies for radioimmunotherapy

In 1902 Paul Ehrlich used the phrase ‘a magic bullet’ to describe the concept of
a specific anti-serum that distinguished healthy from diseased tissue and
targeted the latter (26). The concept became a reality with the discovery of the

antibody.
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Figure 1.2 Antibody structure

Antibody structure of two heavy and two light chains linked by disulphide bonds
to form a Y shaped structure. VH = Variable Heavy, VL = Variable Light, CH =
Constant Heavy, CL = Constant Light. Fv = Fragment variable, FAB = fragment

antigen-binding region, FC = Fragment crystallisable region.
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Two sites allow antibody function. The fragment antigen-binding region (FAB) is
either side of a flexible hinge, allowing a single antibody to bind two antigens
generating cross-linking, aggregation and a faster clearance. The Fc (fragment

crystallisable) region activates the host immune system.

Therapeutic antibodies were initially polyclonal until Kohler and Milstein
discovered the hybridoma method to isolate monoclonal antibodies (27).
Currently eleven unlabeled antibodies have been licensed by the FDA (Food and
Drug Administration) as anti-cancer therapies and a further fifteen are licensed

for other indications (see Table 1.1).
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Table 1.1 Antibodies currently licensed as cancer therapeutics by the FDA

Antigen Antibody Trade Name | Type Tumour targeting
CD20 Rituximab Mabthera™ Chimeric | B-cell lymphoma
Her2/neu | Trastuzumab Herceptin™ Human Breast
VEGF* Bevacizumab | Avastin™ Human General
EGFR** Cetuximab Erbitux™ Chimeric | General
CD33ft Gemtuzumab | Mylotarg™ Human Acute Myeloid
Leukaemia
CD52 Alemtuzumab | Campath™ Human B-cell Chronic
lymphocytic
leukaemia
EGFR** Panitumumab | Vectibis™ Human Metastatic
colorectal cancer
CD20 Ibritumomab Zevalin™ Murine B-cell lymphoma
tiuxetan (with %)
CD20 Tositumomab | Bexxar™ Murine B-cell lymphoma
(with )
CD20 Ofatumumab Arzerra™ Human Chronic lymphocytic
leukaemia
CTLA-4 Ipilimumab Yervoy™ Human Melanoma

* VEGF (Vascular Endothelial Growth Factor)

** EGFR (Epidermal Growth Factor Receptor)

T Subsequently withdrawn due to toxicity.

Antibodies induce cell death via activation of the host immune system (antibody
dependent cellular cytotoxicity (ADCC), complement-dependent cytotoxicity
(CDC), antibody dependent cellular phagocytosis (ADCP)) or by disruption of
vital pathways for tumour cell survival. Resistance can develop (28), cancer
patients may have an impaired immune response (29) and tumour penetration

by these bulky molecules may be poor.
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| shall now briefly consider the particular radiobiology of RIT and the challenges
this may present before considering alternative methods to improve RIT for the

clinic.

1.3 The radio-biology of radioimmunotherapy

When ionizing radiation interacts with a cell, DNA damage may occur. Double
strand (d-s) DNA breaks are harder to repair as they may lack the intact DNA to
act as a template. If repair is unsuccessful, cell-death usually occurs on first
mitosis. Radionuclides with a high LET have an increased chance of causing d-s

breaks (7, 22).

1.3.1 LET and the dose rate effect

Sub-lethal DNA damage can be repaired. If however a second interaction occurs
to that same strand or a separate ionising particle affects the opposite strand
before repair is completed, cell death is likely to result. This concept gave rise to
the dose rate effect where the higher the frequency of ionising interactions, the
fewer repairs can be completed and the greater the probability of lethal
damage (7). RIT has a low dose-rate that declines with time compared to
external beam radiotherapy (EBRT) and brachytherapy. For example RIT has a
dose-rate of < 10-20cGy/hr compared to approximately 50cGy/hr with
brachytherapy (30).

1.3.2 Hypoxia and RIT

Hypoxia increases the resistance of tumour cells to radiation, particularly (3-

emitters. In contrast oxygen leads to peroxide formation which prevents
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tumour cell DNA repair and subsequent recovery. In RIT the hypoxia commonly

seen in solid tumours contributes to resistance to therapy (31).

1.3.3 Dose heterogeneity

The absorbed tumour dose from RIT is often heterogeneous across a tumour
due to considerable variability in antigen expression and antigen inaccessibility.
Micro-thermo-luminescent dosimeters in B-cell lymphoma xenografts found the
absorbed dose varied by up to 400% (32) allowing possible tumour escape and

repopulation.

1.3.4 Dosimetry for Radioimmunotherapy

Radiation dosimetry aims to calculate the absorbed dose in a tissue that is
deposited secondary to an administered activity of radiation. For EBRT clear
relationships exist between absorbed dose, toxicity and tumour response which
allow accurate treatment planning. These relationships are less clearly defined
for RIT. It is possible to give a tracer dose of the intended RIC to allow predictive
dosimetry to determine the most appropriate administered activity. This
individualised therapy model for RIT remains challenging (33, 34). Currently
tracer studies set limits on whole body dose to 0.75-3 Gy (bone marrow

tolerance) and 20-30 Gy for other organs.

1.3.4.1 Methodology for dosimetry

Serial imaging calculates the radioactivity in tumour and normal tissue after RIC
administration (34). If the RIC has a y-emission, a y-camera can be used. SPECT
(single photon emission computer tomography) imaging can define regions of
interest (ROI) and determine radioactivity uptake and clearance in normal

tissues or tumour as a function of time (cumulated activity). The volume or



mass of tissue within the ROI, calculated using CT (Computed tomography),
together with the cumulated activity give the activity concentration. Serial
imaging over time allows the area under the curve (AUC) of the time-activity
curve to be calculated giving the total number of disintegrations (number of
particles created) during therapy in the ROl and allowing the calculation of total

absorbed dose.

The most widely used method uses the MIRD (Medical Internal Radiation Dose)
Committee schema (35). This assumes that absorbed doses to patients can be
calculated from radioactivity distributions within standard phantoms including
organs of standard size, shape, position and a homogenous consistency with
radioactivity evenly distributed. Absorbed doses per unit administered activity
are calculated as the product of the residence time with an S value. The
residence time is calculated by dividing the cumulated activity (i.e. the area
under the time-activity curve) in the tissue by the injected activity. The S value
includes information on the mean energy of each particle emitted during
radioactive decay together with the fraction of energy from source organs
(organs containing activity), which is either absorbed internally or transmitted
to neighbouring organs. The S values for many radionuclides and source-target

organs are available for reference (36).

This method ignores the natural variability of organ size, shape and position
(37). For example, spleen size in lymphoma patients is highly variable with
recorded measurements from <50 g to >600 g compared to 183 g in MIRD (38).
MIRD does not consider the radiation dose to normal organs derived from
tumour or the dose to tumour from normal organs, although it includes the
dose between normal organs. Longer range y-emissions that may be deposited

further from tumour are not included (39).
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The MIRD assumption of a homogenous activity distribution is not consistent
with evidence of marked heterogeneity at both the tissue and cellular level (37).
The kidney has a non-uniform distribution due to its structure and absorbed
doses for cortex and medulla should be estimated separately. Fused images
using SPECT-CT and PET(Positron emission tomography)-CT allow more accurate

estimations of tumour or organ size, shape and position (39).

1.3.4.2 Dosimetry in clinical practice

Current dosimetry methods give only weak correlations between absorbed dose
and toxicity or response. If the relationship was more predictable a tracer dose
could determine the therapeutic injected activity (39). Dosimetry is used in the
therapy of metastatic thyroid cancer with **I. A fixed administered activity of
7.4 GBq, exceeded the maximum tolerable activity in 22-38% of patients older
than 70 (8-15% in those younger) (40). European Association of Nuclear
Medicine (EANM) guidelines remain empirical, recommending administered
activities between 3.7-7.4 GBq with adjustments determined by dosimetry. In
other solid tumours such as neuroendocrine tumours (41) and neuroblastoma
(42) relationships exist between tumour absorbed dose and response but wide
variability precludes truly individualised therapy.

In indolent B-cell lymphoma pre-therapy tracer scans are used for 3!-
tositumomab but not for *°Y-lbritumomab Tiuxetan which has a more
predictable excretion. De-halogenation of 'l is variable between patients
leaving free iodine to concentrate in stomach and thyroid before renal
excretion. Excretion varied by 46-90% at 48 hrs between patients. This
variability in excretion could be predicted by a tracer dose. The radio-metal *°Y
is more stable with a more predictable excretion and administered activity can

generally be determined by patient weight (43).
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1.3.5 Improving the success of radioimmunotherapy

Considerable interest exists in RIT but challenges remain before it can be
considered an effective therapy, particularly in solid tumours. Antibody
engineering is helping to improve pharmacokinetics and immunogenicity but

other problems remain.

1.3.6 Pharmacokinetics, uptake and clearance

To be effective a RIC needs to diffuse homogenously and in high concentration
throughout tumour, but remain at low concentration in normal tissues. A bulky
IgG (Immunoglobulin G) antibody diffuses slowly from circulation into tumour
exposing normal tissues to greater toxicity. Tumour uptake in a mouse model of
an antibody against CEA (Carcinoembyronic antigen) called A5B7, was 10-15%
ID/g by 24 hours in subcutaneous lesions and large metastatic lesions although

higher in small metastatic lesions (44).

Antibody engineering has produced fragments with faster tumour uptakes,
clearance and more homogenous distributions in tumour than whole antibodies
(45). The smallest fragments are the FV’s, which are unstable. A synthetic linker
between heavy and light chains gives an scFV (single chain FV) with a molecular
weight of 25 kDa (kilo Dalton) (46). These scFv’s have an improved tumour to
normal tissue ratio (47, 48) but their rapid clearance gives a low absolute
tumour absorbed dose. Their low molecular weight may lead to renal filtration,
increasing the risk of renal toxicity. Intermediate size fragments are being
investigated such as the minibodies (49) and small immunoproteins (SIP’s) (50)

which have lower tumour clearance and lack renal filtration.
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1.3.7 Antibody affinity and avidity

Antibody affinity expresses the strength of interaction between a single
antibody site and its specific antigen epitope, including spatial fit, interaction
size and charge. The avidity is the functional binding between the antibody and
its antigen. It is the sum strength of all the affinity bonds (functional affinity)

and takes into account multiple binding interactions with different epitopes.

Antibody engineering can increase affinity and extend binding duration (51, 52).
At very high affinities antibody remains bound to the nearest antigen and stays
trapped in the peri-vascular space rather than diffusing through tumour. This
effect is the ‘binding-site barrier’ (53). It cannot be overcome by increasing

administered dose due to the toxicity of the radioisotope.

1.3.8 Immunogenicity

Antibodies were initially murine in origin with less ability to activate the human
immune system (54) and a more rapid excretion due to failure to bind the
human salvage receptor FcRn (neonatal Fc receptor) (54). At two to three weeks
post-exposure human anti-mouse antibodies (HAMA) are formed in 50% of
patients with an intact immune system and nearly always with repeat therapy
(55). HAMA formation can aid antibody clearance (56) and lead to flu-like
symptoms, urticaria or mild bronchospasm on retreatment due to IgG reactions

(57).
Immunosuppressive therapies, such as cyclosporine A, can delay but not

prevent HAMA formation and have additional toxicities (55). An alternative

approach is to replace murine antibody protein with human.
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Figure 1.3 Adapting antibodies to reduce immunogenicity
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Chimeric antibodies have human constant regions and murine variable regions.
As most HAMA form against the Fc region a chimeric antibody significantly
reduces immunogenicity (58). However human anti-chimeric antibodies (HACA)
may form against the remaining murine protein including the antigen-binding
site (anti-idiotype antibodies). Chimeric antibodies have a longer half-life than

murine (up to 10 days), which may not be effected by repeat exposure.

Humanized antibodies retain murine complementary determining regions.
Antibodies can develop against their specificity determining residues (SDR) but
are often of low titre and do not preclude re-treatment. Humanized and

chimeric anti-cancer antibodies in clinical use are listed in Table 1.1
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1.3.8.1 Two-step approaches

A two-step approach involves separating the administration of the antibody
from the radionuclide. The antibody is allowed time to localize and bind to
tumour before a low molecular weight radionuclide is given that binds to that
initial antibody (59). This method gives high tumour to normal tissue ratios and
allows safer escalation of the injected activity (59, 60). Rapid radionuclide
excretion gives a potential for renal toxicity and the administration of two or
more compounds can increase immunogenicity. The different systems

developed are more fully discussed in a review by Goldenberg et al (60).

1.3.8.2 Selecting the right tumour

RIT appears most effective in highly vascular tumours with readily accessible
and homogeneously expressed antigen (61). These include haematological

malignancy and adjuvant therapy for minimal residual disease.

Solid tumours have a poorly organised vasculature with no accompanying
lymphatic vessels (62, 63) and an elevated mean interstitial pressure (64) that
obstructs antibody diffusion. Tumour cells are often poorly perfused and
acidotic, hypoxic and radio-resistant (65). Antigen may be heterogeneously
expressed and tumour tissue inherently more radio-resistant. All these

challenges make RIT more difficult in solid tumours.

1.3.8.3 Selecting the right antigen to target

The identification of a suitable target antigen is vital for the ultimate success of
antibody therapy (66). An ideal antigen is highly and homogeneously expressed

on cancer cells although the number and density of antigens required varies.

40



Only 100,000 copies of the CD20 (Cluster of Differentiation) antigen are
required per cell in B-cell lymphomas (67) but 2.3 x 10° copies per cell are

needed of the Her2/neu receptor in breast cancer (67).

The antigen should be relatively tumour cell specific. B-cell lymphomas possess
a unique immunoglobulin idiotype that proliferates as a single unique clone
(68). In most cases tumour antigen is not restricted to tumour cells but is found
at a lower density of expression on healthy cells, is expressed during a particular
developmental stage, is relatively inaccessible (69) or found on cells that are

continuously replenished and therefore non-essential (70).

An ideal antigen is not shed or secreted, which may enhance renal clearance
due to complex formation in the circulation (71). The administration of the RIC
cannot be increased to overcome this antigen ‘sink’ although unlabeled
antibody can be administered prior to the RIC. Shedding or secretion is less
problematic for unlabeled antibodies and the shedding of Her2/neu has not
impaired targeting by trastuzumab (67). In addition the ideal antigen should be
expressed on the majority of tumours of a particular cancer type or a diagnostic
test be available allowing patient selection (72). It should not be lost with
tumour de-differentiation and may be ubiquitous across many tumour types

(67).

1.3.8.4 Selecting the right patient

Typical patients in Phase | clinical trials have resistant bulky tumours. These
patients are unlikely to be ideal candidates for RIT which is likely to be most
effective in small volume, minimal residual disease (73) or haematological

malignancy (74).
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1.4 First Hypothesis

Considering the previously published work described here we would expect that
single agent RIT would be effective in haematological malignancy. In Chapter
Two | shall present the results of our phase | clinical trial of a chimeric anti-CD25

131

antibody conjugated to | in patients with CD25 expressing lymphomas

(predominantly Hodgkin’s lymphoma (HL) but also T-cell lymphomas).

Lymphomas are highly radio-sensitive tumours; they are highly vascular with
less necrosis and hypoxia than solid tumours. Antibody penetration is therefore
easier with higher absorbed doses anticipated. Although most of the previous
work is in indolent B-cell lymphomas it is likely that Hodgkin’s lymphoma shares

those characteristics and therefore shares sensitivity to RIT.

Generally both HL and T-cell lymphomas have a higher proliferation rate than
indolent B-cell lymphomas. As RIT delivers radiation at a low-dose-rate the cell-
kill it induces might be inadequate to induce prolonged responses. If the results
are consistent with the previous work a sub-group of patients may have durable

responses.

1.5 Radioimmunotherapy in Lymphoma

Much of the current information about RIT for lymphoma is derived from
treating patients with indolent B-cell lymphoma. Two radio-labelled antibodies
are licensed; “°Yttrium-ibritumomab tiuxetan (°°Y-IT) (Trade-name Zevalin®) and
B1|0dine-tositumomab (**'I-T) (Trade-name Bexxar®). As many characteristics of
RIT appear to be class effects, it is worth looking at these 2 agents in greater
detail. Then in Chapter Two a brief introduction will consider the CD25 receptor

in greater detail before presenting the results of our phase | study targeting

CD25-expressing lymphomas with 1.
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1.5.1 Indolent B-cell Non-Hodgkins-lymphoma (NHL)

Indolent B-cell lymphomas have a typically slow disease course with a relapsing,
remitting pattern. With each relapse, response rate and duration of response
decrease (75). Cure is possible in localized disease (76) but 80% present when it
is disseminated. Combination chemotherapy including high-dose therapy with
autologous stem cell transplant (ASCT) has had little impact on survival (77) and
allogeneic transplant is only suitable for young, fit patients (78). Median survival

has remained stable at 8-10 years (75).

1.5.2 Rituximab for indolent B-cell ymphomas

Rituximab is a chimeric antibody to the cell surface receptor CD20 found on
both malignant and normal B-lymphocytes but not on progenitor or stem cells.
Cytotoxicity is via ADCC and activation of complement with induction of
apoptosis in vitro (79). It is active in indolent B-cell lymphoma with a response
rate of 48% in relapsed disease (80) rising to 95% when given first-line in
combination with chemotherapy (81). Although encouraging, the majority of

patients either fail to respond or subsequently relapse.

1.5.3 !|-tositumomab (**!I-T) (Bexxar™)

131 131

I-T is @ murine anti-CD20 antibody conjugated to ~>'I with a variable renal
excretion requiring pre-therapy dosimetry. Kaminski et al treated 59 patients
with relapsed or refractory disease. The response rate was 71% (83% in low
grade or transformed disease), with a median progression free survival of 12

months in 42 responders (82). Re-treatment was feasible and induced

responses in 9 of 16 patients. Response in the first line setting was 95% (83).
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Toxicity was generally mild and included infusion reactions, nausea and
tiredness. HAMA occurred in < 10% of heavily pre-treated patients but 63% of
those treated first-line (83). Potassium iodide was given to reduce thyroid
uptake of radioactive iodine. With this precaution the incidence of thyroid
dysfunction (defined as either an elevated TSH (thyroid stimulating hormone) or
requiring thyroid replacement medication) was less than 10% (82, 84). The
peripheral blood count nadir was at approximately 6 weeks with grade 4
neutropenia seen in 14%. The incidence of acute myeloid leukaemia (AML) or
myelodysplastic syndrome (MDS) was reviewed in a meta-analysis and not

considered elevated above anticipated levels (85).

1.5.4 *°Yttrium-ibritumomab tiuxetan (*°Y-IT) (Zevalin™)

The first RIC to receive a license for relapsed or refractory indolent B-cell
lymphoma was “°Y-IT. It comprises a murine antibody to the 2B8 epitope on
CD20 (rituximab is the chimeric form). Its predictable excretion allows a
standard injected activity without pre-therapy dosimetry (86). A randomized
study of 2°Y-IT versus single-agent rituximab improved response rates from 56%
to 80% (74). Response rates were higher in smaller volume disease and at first

relapse but also seen in patients resistant to rituximab (74%) (87).

It was generally well tolerated. Haematological toxicity correlated with the
number of lines of prior chemotherapy and the extent of marrow involvement
with lymphoma (88). Grade IV neutropenia was seen in 30% of patients
receiving the standard dose of 0.4 mCi/kg (14.8 MBg/m?) but was associated
with sepsis in only 3% (88). This low rate was attributed to the lack of mucosal
damage and preservation of NK (Natural Killer) and T-cell function (89). AML /
MDS rates were equivalent to historical controls for chemotherapy-exposed
patients (90). Elderly patients tolerated RIT as well as the young (91);

chemotherapy was possible after RIT with no additional toxicity (92).



1.5.5 Lessons for the CHT25 clinical trial

Past experience with *°Y-IT and YI-T provides useful information for our study.
Additional benefit was seen with the RIC when compared to the antibody alone
(rituximab). As CD25-expressing lymphomas share biological characteristics with
B-cell lymphomas (an inherent radiosensitivity, relatively accessible tumour
cells, a good vascular supply and a low level of necrosis and hypoxia), we have
hypothesized they will also be sensitive to RIT. Their higher rate of proliferation
might however reduce the extent of that response. In the trials of B-cell
lymphomas a sub-group of patients had long-term durable responses with the

hope of cure in some individuals.

We would anticipate toxicity to be predominantly haematological with bone-
marrow suppression dose-limiting. Blood count nadir is likely to occur at 6-7
weeks post infusion. A heavily pre-treated patient group (such as our phase |
study) would be more at risk of severe bone marrow suppression. There is likely
to be a lower incidence of HAMA or HACA formation however. Reassuringly any

subsequent therapeutic options are unlikely to be precluded by RIT.

1.6 Radioimmunotherapy of Solid Tumours

In contrast to the haematological malignancies already discussed, solid tumours
appear relatively insensitive to RIT. Multiple trials of single agent RIT in solid
tumours have been relatively disappointing (7, 93) with a typical response rate

of 10% (93, 94). A number of factors are likely to be contributory:

e A poorer vasculature with absent lymphatics resulting in an elevated
interstitial pressure limiting antibody diffusion (64, 95).
e Greater heterogeneity of antigen expression both within and between

cells. Areas of under-dosing can lead to tumour re-growth (96).
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¢ Antigen secretion into the circulation with immune complex formation
and faster clearance (71).

¢ Increased hypoxia which is inherently radio-resistant (97)

¢ Reduced radio-sensitivity of solid tumours (98)

* A preserved immune system capable of mounting a response to murine

or chimeric antibody (99).

1.6.1 Colorectal and other CEA-expressing gastrointestinal cancers

To demonstrate the challenges of RIT in solid tumours | shall consider its impact

in the targeting of CEA-expressing gastrointestinal malignancy in greater detail.

1.6.1.1 CEA as a target for Radioimmunotherapy

CEA is a useful antigen to target in radioimmunotherapy. It is present on 95% of
all colonic adenocarcinomas (100) and a smaller percentage of other epithelial
tumours including pancreatic and stomach cancer. In healthy tissue CEA
expression is restricted to the apical surface of the microvilli in the colon
epithelium, however in malignancy it is expressed on all cell surfaces. A
systematically delivered anti-CEA antibody cannot access the luminal surface of
the normal colon cells due to the presence of tight junctions, allowing for some

selectivity to malignant cells.
In malignancy CEA is secreted into the circulation and can act as a tumour

marker. A high serum CEA may reduce tumour targeting as complexes are

formed in the circulation and cleared (101).
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1.6.1.2 Clinical trials of RIT in CEA-expressing gastrointestinal cancers

RIT has been investigated in both the adjuvant setting and in advanced disease.
Studies have tended to be non-randomized with small patient numbers and
have used a variety of protocols, radionuclides and antibodies making
comparison between them difficult. Most studies are in patients with bulky

disease, resistant to conventional therapeutics.

1.6.1.3 Advanced disease

Studies of RIT against CEA-expressing tumours are listed in Table 1.3. All 13
studies were phase | or single arm phase Il trials exploring toxicity and efficacy.

Median patient number was 16 and only 1 used pre-targeting (102).

47



Table 1.2 Studies targeting CEA in advanced tumours

Drug Species Fragment or | No Response | Comment Reference
antibody whole patients
311_pK4s Sheep Polyclonal 16 1PR Clearing Begent et al
antibody 1989 (103)
B1_A5B7 Murine 1gG,/F(ab’), 19 1CR Repeat Lane et al
1PR administration | 1994 (94)
BlNp-4 Murine 1gG; 57 1PR Behr et al
4 MR 1997 (104)
7SD
_NP-4 Murine IgG1 13 7SD Repeat Juweid et al
6 PD administration | 1996 (105)
Bl_coL-1 Murine IgG; 14 4SD Dual antibody | Meredith et
/PY-cc-49 with IFNa-2b | al 1996 (106)
B IMMU-4 | Murine 1gG; 6 1PR With Mittal et al
hyperthermia 1996 (107)
e Murine F(ab’), 10 1 PR With bone | Ychou et al
2SD marrow 1998 (108)
rescue
Bl-F023¢5 | Murine IgG1 10 1CR Behr et al
2 PR 1999 (73)
4 SD
¥¥Re-MN- Murine 18G, 11 None Repeat Juweid et al
14 administration | 1998 (109)
*y-184.66 | Chimeric IgG; 22 2 MR Repeat Wong et al
3SD administration | 2000 (110)
y.784.66 | Chimeric IgG; 21 1 MR With 5-FU | Wong et al
11SD chemotherapy | 2003 (111)
Bl MN-14 Humanized | 1g8G; 21 None Hajjar et al
2002 (112)
MN-14 x | Humanized | IgG, 35 Not Pre-targeted Kraeber-
m734 + reported RIT Bodere et al
“!lhapten 1999 (102)

CR: Complete response, PR: Partial response, MR: Mixed response or minor response

IFN: Interferon, 5-FU: 5 Fluorouracil
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Initial studies used murine antibodies. Lane et al (94) compared B3I Fab’)2
fragments with whole antibody. One patient in each arm had a partial response.
Juweid et al (105) used fragments of the NP-4 antibody and repeat
administration in patients with metastatic disease < 3cm. Most patients became
HAMA positive and 7 had stable disease for up to 7 months. The largest trial was
by Behr et al (104) of 57 patients of whom 12 were thought to derive clinical
benefit and 1 had a partial response. A higher affinity antibody, MN14,

188Re in 11 patients generated no responses (109).

conjugated to
Subsequent studies used chimeric or humanized antibodies. A dose-escalation
study with the chimeric antibody cT84.6 generated clinical benefit in 5 of 22
patients and saw 2 mixed responses (110). The addition of chemotherapy gave
no increased toxicity and a reduction in HACA formation (111). Eleven patients
then had stable disease for 3-8 months and 1 had a mixed response. A separate
study found dose-escalation with stem cell support was feasible, using the F6
antibody (108). One patient had a partial response in 1 liver lesion and 2 had

stable disease.

1.6.1.4 Small volume disease or the adjuvant setting

Mathematical (113) and animal models consider RIT as theoretically more

d *Y1-A5B7 in a mouse

effective in smaller volume disease. Mayer et al use
model and found smaller tumours had a higher absorbed radiation dose and
grew less rapidly (114). Digital autoradiography studies of ***I-A5B7 in mice
quantified this difference at 15% ID/g in larger tumours compared to 80% ID/g
in smaller (44). High-resolution digital microscopy and fluorescently labelled
anti-CEA antibody in nude mice found rapid selective tumour uptake and a

strong negative correlation with tumour size at 10 minutes and 1 hour post

administration (p<0.01) but not at 24 hours (115).
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Behr et al considered adjuvant RIT. Nine patients post liver resection for
metastatic colorectal cancer were given a single injected activity of *!I-hMN-14.
At 36 months, 7 of 9 patients were relapse free compared to historical controls
of 33% (116). In addition, 21 patients with chemo-refractory disease < 3cm were
treated, 16 had a minor response and 3 a partial response. On relapse, 5

patients were re-treated and 2 had a further response (116).

Liersch et al treated 23 patients who had previously had a liver resection for
colorectal cancer with *!I-labetuzumab (a humanized IgG anti-CEA antibody
marketed as CEA-CIDE). They were compared to a contemporaneous group of
patients in the same institution most of whom received adjuvant chemotherapy
(127). Survival was 58 months with RIT compared to 31 in the control group.
Ychou et al (118) in a similar patient group gave “*!I-F6 F(ab’)2 to 13 patients.
The disease free survival was 12 months with an overall survival of 50 months

and 2 patients remained alive at 127 months.

These studies appear to confirm that RIT does have activity against solid
tumours, principally in small volume and minimal residual disease. The
treatment of bulky solid tumours however remains challenging. New research is
attempting to improve the efficacy of RIT in a variety of ways. Antibody
engineering may optimize pharmacokinetics or reduce immunogenicity. New
targets may be more effective and accessible for RIT. New combinations are
being investigated. These have included combinations with cytotoxic agents,

cytokines and radiotherapy.

Our own study is reported in Chapter 3 and utilised the novel combination of a
131|_A5B7 anti-CEA antibody together with a Vascular Disrupting Agent (VDA) in
CEA-expressing gastrointestinal tumours. Our study aimed to investigate the

hypothesis outlined below.
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1.6.3 The Vascular Disrupting agents (VDA’s)

Vascular disrupting agents target abnormal tumour vasculature leading to
vessel shut down, ischaemia and haemorrhagic necrosis (119). Two groups are
currently known. Flavonoids such as DMXAA (5,6-dimethylxanthenone-4-
aceticacid) which act via disruption of the actin cytoskeleton and induction of
apoptosis. The second group are tubulin-binding agents such as the
combretastatins. As our Phase | study used a combretastatin this class of agents

shall be considered in more detail in Chapter 3.

1.6.4 Combining RIT with vascular targeting agents

Tumour-associated vessels are abnormal and can be targeted by the class of
drugs known as the VDA’s. Vessels are poorly organized with absent lymphatics
(62) are leaky, tortuous and thin-walled (120) with slow flow that can reverse
(121). Nutrient supply is often inadequate and tumour centres become hypoxic
and necrotic. Targeting blood vessels is appealing. Shut-down of a single blood
vessel can kill thousands of dependent tumour cells, endothelial cells are more
accessible than most tumour cells and they may be less heterogeneous (122)

with a lower possibility of drug-resistance.

Compounds that destroy tumour-associated vessels already in existence are
called vascular disrupting agents (VDA) (119). These agents have profound
effects in the tumour centre where blood supply is already marginal. The
tumour centre is the compartment that RIT fails to kill due to hypoxic radio-
resistance and poor penetration. A theoretical possibility of synergy therefore
exists, and has been demonstrated in animal models (123). This evidence led to

the design of our Phase | study reported in Chapter 3.
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1.6.2 Second hypothesis

From the previous work we hypothesized that RIT against cancer-specific
antigens would be ineffective in solid tumours. RIT would be ineffective due to
the low absorbed dose achieved due a lack of antibody penetration into
tumour, the relative insensitivity to radiation of the malignant cells and the

preservation of the immune system allowing immunogenicity to develop.

We hypothesized that the combination of RIT with a VDA that targets tumour-
specific blood vessels, would act synergistically in solid tumours leading to an
increased efficacy. Synergy was predicted from their differing modes of action,
with RIT targeting the outer rim and the VDA the hypoxic poorly perfused centre
which is inaccessible to bulky antibodies. Evidence of synergy was previously
seen in animal studies where the combination of RIT and a VDA transformed a

sub-curative therapy into a curative one (124).

1.7 Biomarkers for the Vascular Disruptive Agents (VDA’s)

In chapter 3 we presented the results of a Phase | study of a VDA combined with
RIT. One of the challenges faced in this study was the lack of a clear biomarker
for the Vascular Disrupting Agents. This lack makes it difficult to efficiently
design studies to promote synergy between the two agents. This is especially
problematic with combinations involving the VDA’s where vascular shut-down
may prevent RIT access to the tumour. Currently no easy and reliable method

exists to determine the biological effect of these compounds.
Identifying a surrogate biomarker for the VDA’s would help determine their

optimal biological dose (OBD) where vascular shut-down is maximal. Such a

biomarker would be of great use in determining the ideal schedule for drug
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combinations. Alternatives such as the maximum tolerated dose (MTD) may be
inappropriate for these agents where their maximum biological effect may
occur at a lower dose than the MTD. Measuring reduction in tumour size by
radiology can underestimate any biological effect in drugs that lead to disease

stability rather than shrinkage.

Currently the biomarker used most commonly in clinical trials has been either
DCE-MRI (Dynamic Contrast Enhanced MRI) or PET based. There are limitations
and challenges with these methods. | shall discuss them further in the next

section.

1.7.1 Imaging as a biomarker

Using imaging to assess anti-vascular agents is appealing as it is non-invasive,
allows repeat assessment and can directly image the relationship between
tumour and blood vessels. Both PET and MRI have been important in the clinical

development of VDAs.

1.7.1.2 Magnetic Resonance Imaging

MRI technigues have the advantages of high spatial resolution and a variety of
contrast agents with good tissue penetration. Accurate anatomical information
can be derived about vessel structure as well as function. The technique uses
the rate of diffusion of contrast from micro-vasculature into the tumour
interstitial space, which depends on vessel permeability, surface area and blood
flow (125). Blood kinetics can then be described using the transfer constant
(K"™"™) and the IAUGC. The concordance between DCE-MRI and alternative
methods for assessing vascularity, have been contradictory. Whilst most studies
have shown a broad correlation with MVD (Microvessel density) (125) and some

with tissue VEGF (Vascular Endothelial Growth Factor) (126), others have not.
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DCE-MRI has clinical applications. It can improve cancer diagnosis, monitor
treatment and predict response to chemotherapy, radiotherapy, anti-androgens
(125) and anti-angiogenic agents (127). Changes on MRI can be detected after 1

therapy cycle and at 2 cycles can determine likely treatment effectiveness.

Disadvantages of DCE-MRI include the lack of a standardized approach to the
procedure. In our clinical trial presented in Chapter 3, it was noted that of 88
patients considered for the clinical trial 19 were ineligible as their tumours were
not assessable by MRI. It is expensive, time-consuming, technically challenging

and currently available in only a small number of centers.

1.7.1.3 Positron emission tomography (PET)

Both PET and SPECT can be used to determine total organ blood flow or organ
perfusion (127). An isotope such as 0 is used, which is short-lived, chemically
stable and biologically inert. It is given either intravenously as a bolus of *°0-
labelled water (128) or by inhalation as *°O labelled carbon dioxide. When the
rate of radioactive decay is balanced by infusion the isotope concentration
relates to blood flow (127). Tissue concentration (from PET imaging) and arterial
concentration (obtained either from direct sampling or from imaging blood in

the cardiac ventricles) are both required (127).

Validation for this technique has mostly been from studies of the brain or
myocardium rather than malignancy. In addition although blood flow was
higher in brain tumour tissue than normal tissue there was considerable
variability (129). Small studies have considered blood flow in breast (130),
pancreatic (131) cancers and liver metastases (132). High-dose CA4P
(Combretastatin-4-Phosphate) caused a significant fall in tumour perfusion by

30 minutes that resolved by 24 hours (133). Alternatively the new VEGF-PET



tracer ®°Zr-ranibizumab could delineate the anti-angiogenic effects of sunitinib

in a mouse xenograft model (134).

PET is expensive and time-consuming. The short half-lives of the compounds (2
minutes for *>0), require an on-site cyclotron and delivery system. The model
assumes that labelled water diffuses freely and homogenously throughout the
tumour, which may be inaccurate (135). The value produced is an average with
no consideration for fluctuations in flow with time or at the micro-vascular level

(136). The model is also less reliable at high flow rates (127).

1.7.1.4 Serum biomarkers

The challenges encountered with the imaging modalities has led to research
into alternative biomarkers. One of the most promising areas being investigated
are the serum biomarkers. Advantages include the relative ease of collection
facilitating serial readings. Compared with imaging the cost is lower and the

analysis can be performed centrally allowing its application to multicentre trials.

1.7.1.5 Circulating angiogenic cytokines

Cytokines are soluble and diffusible glycopeptides that can be secreted into the
blood, either by tumour cells or associated stromal cells, where they can be
measured. They play prominent roles in physiological angiogenesis and are also

vital for pathological angiogenesis.

Cytokine release is stimulated by hypoxia. The development of tumour hypoxia
(which may be driven by a VDA) leads to accumulation of the transcription
factor HIF1-a (Hypoxia inducible factor). HIF1-a regulates the expression of a
number of genes involved in angiogenesis as well as those involved in

erythropoiesis, glycolysis, iron metabolism and cell survival (137). It is tightly
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regulated in normoxic tissues (137, 138). Accumulation of HIF1-a in hypoxia
leads to secretion of the angiogenic cytokines. The hypothesis is that these
angiogenic cytokines would provide a valid biomarker for the vascular

endothelial agents.

To investigate this hypothesis a pilot study was completed of five angiogenic
cytokines, VEGF (Vascular Endothelial Growth Factor), Angiopoietin-1 (Ang-1),
Angiopoietin-2 (Ang-2), Erythropoietin (Epo) and basic Fibroblast Growth Factor
(bFGF). The characteristics of these angiogenic cytokines and why they were

selected are reported with the data from the study in Chapter Four.

In this pilot study, designed to screen for cytokines of potential interest as
biomarkers it was decided to use a model for the hypoxia generated by a VDA
rather than the VDA itself. The model selected was Trans-arterial Embolisation

(TAE) in patients with hepatocellular cancer (HCC).

1.7.1.6 Trans-arterial (chemo) embolisation (TAE)

Trans-arterial embolisation generates extensive tumour necrosis by physically
obstructing the relevant branch of the hepatic artery that supplies the tumour
(139). TAE is possible due to the dual blood supply to normal liver tissue. Whilst
tumour cells mostly derive their blood from branches of the hepatic artery (HA),

normal liver cells are supplied mainly by the portal vein.

Selective intra-arterial chemotherapy mixed with lipiodol may be administered
prior to embolisation. Chemotherapy agents used include doxorubicin,
mitomycin and cisplatin. The combined procedure is called chemo-embolisation
(TACE). TAE is known to delay tumour progression and lead to objective
responses in between 15-55% of patients (139). Meta-analysis has

demonstrated a survival benefit of TACE compared with best supportive care
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but not with embolisation alone. It is not clear what the optimum protocol

should be or even which is the best chemotherapeutic agent.

1.7.1.7 Why is TAE an appropriate model to use?

Studies have shown that pro-angiogenic cytokines such as VEGF are stimulated
post-embolisation secondary to ischaemic necrosis caused by vascular shut-
down. Cytokine levels were higher than in the livers of patients who had
undergone surgery (140) demonstrating the extent of hypoxia induced. Animal
models have demonstrated stimulation of HIF1-a release post embolisation,
with secondary release of other angiogenic cytokines such as VEGF (141). This
generation of angiogenic cytokines post-embolisation has led to clinical studies
investigating the use of the multikinase inhibitor, sorafenib, in the period post-

embolisation.

Where embolisation delivers vascular shut-down by physical means, a VDA
induces it biologically. The embolisation model has the advantage of a clear and
definite time for vascular shut-down. A VDA can have a more unpredictable
duration and extent of action on blood vessels. The variability of vascular shut
down induced by a VDA is demonstrated in Chapter 3. On a practical level, only
small numbers of patients on phase | studies are currently having VDA’s making
recruiting the required number of patients for a pilot study feasible. As a
specialist HCC centre the number of patients having TAE or TACE were a more
realistic proposition. Any promising candidates could then be taken forward

into multi-centre studies using the VDA'’s.
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1.7.1.8 Hepatocellular Cancer (HCC)

HCC is a highly vascular tumour. It develops secondary to liver cirrhosis at a rate
of 3-5% of patients per year (142) although chronic hepatitis B can lead to HCC
with no preceding cirrhosis, probably as viral DNA is inserted into the host

genome (143).

Cirrhosis itself is a highly vascular condition with up-regulation of VEGF, EGF and
TGF-a (transforming growth factor). Chronic up-regulation may lead to
hepatocarcinogenesis (144), progressing through dysplastic foci and nodule
formation (regenerative then dysplastic) into malignancy. VEGF expression
increases causing neo-vascularisation (145). Blood vessels undergo
arterialisation with increasing expression of CD34 and CD31 (146) and loss of
sinusoidal fenestration. Hypovascular early tumours derive blood from the
portal system (139) switching to the hepatic artery as they develop and become
more vascular. This dual blood supply allows embolisation to be a feasible

procedure without causing catastrophic necrosis of healthy liver tissue.

1.7.2 Hypothesis Three

The third hypothesis is that the known ischaemic necrosis of the tumour
secondary to TAE will generate secretion of angiogenic cytokines such as VEGF
secondary to activation of HIF1-a. These cytokines will be secreted into the
blood where they may have potential as biomarkers to assess the extent of

vascular shut down.
TAE causes vascular shut down with secondary ischaemic necrosis and hypoxia

via physical means. It is hypothesized that this model can be used to investigate

potential biomarkers for the VDA’s which achieve vascular shut down and
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hypoxia via biological means. Selected biomarkers that show clear potential can
then be assessed using the limited number of patients currently treated with

the VDA's.

1.8 Tie-2 monocytes and Endothelial Progenitor Cells as biomarkers

Previous work has shown that a variety of bone-marrow cells are implicated in
the promotion of tumour growth and angiogenesis. These include tumour-
associated macrophages (TAMs), Tie-2 positive monocytes (TEMs), mast cells,
neutrophils, eosinophils, dendritic cells, haemangiocytes, myeloid-derived
suppressor cells (MDSC) and vascular leukocytes (147). The two groups | shall
consider further here are the Tie-2 expressing monocytes and the Endothelial
Progenitor Cells. Both groups are thought to be secreted secondary to hypoxia

and may represent a potential biomarker for a VDA.

1.8.1 Monocytes

Monocytes are derived from the haematopoietic pluripotential stem cell. They
form 5-10% of blood leukocytes (148) and remain circulating for approximately

1-3 days before moving into tissues.

Once in tissues monocytes differentiate into macrophages or dendritic cells
depending on the tissue type. Macrophages have a wide range of functions,
including phagocytosis, antigen presentation and the release of a wide range of
factors including cytokines, chemokines, complement components, coagulation
factors, growth factors, enzymes and prostaglandins (149). Circulating
monocytes can be attracted to tumours that produce chemokines such as CCL2
(chemokine ligand 2)(formerly monocyte chemoattractant protein 1) and VEGF

(150). These are then referred to as tumour-associated macrophages.
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1.8.1.1 Tumour-associated macrophages (TAMs)

Macrophages are implicated in the initiation and growth of malignancy. Chronic
inflammation, involving macrophages, increases the risk of cancer development
and anti-inflammatory agents reduce it (151). Macrophages make up a
considerable proportion of tumour mass, and are associated with a poor
prognosis in 80% of published studies (152). During tumour development
macrophages appear to change character and can enhance metastatic potential.
Under the influence of IL-4 and IL-10 they become poor at presenting antigen
and instead produced cytokines that suppress T-cell activity (153, 154). This
phenotype (termed M2) is normally found in areas of tissue repair and

remodelling. The traits aided by macrophages are detailed in Figure 1.4.

Figure 1.4: Malignant traits aided by macrophages

The figure is derived from Condeelis et al (155). The wheel can turn in either

direction; macrophages can contribute to each area equally.
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Tumour cells become more aggressive after co-culture with TAMs in vitro and
approximately 50 genes are up-regulated (156). TAM ablation reduced tumour
growth with lower levels of VEGF-A and MMP-9 (Matrix metallopeptidase)
(157). In lung cancer TAMs were associated with an increased MVD and a
reduced relapse-free survival (156). TAM density is highest in hypoxic tumour

where pro-tumour cytokines and mitogenic factors are stimulated (149).

1.8.2 Tie-2 positive monocytes

Approximately 20% of blood monocytes (1-2% of total blood leukocytes)
express the Tie-2 receptor and can be referred to as Tie-2 expressing monocytes
or TEMs (158). They have been identified in both humans and mice (159) and

are strongly pro-angiogenic (160).

1.8.2.1 Identifying a Tie-2 positive monocyte

Typically TEMs are identified by their surface markers. They express the classical
monocyte markers of CD14, CD16 and CD11b as well as the haematopoietic
marker CD45. They do not express precursor endothelial cell markers such as
CD31, CD34, AC133 or CD146 (161). They do not generally express VEGFR2
although Venneri et al did find VEGFR2 expression in a small subset (< 5%)
(158). They do not express CCR2 (chemokine receptor 2), the receptor for CCL2

that regulates the recruitment of macrophages to areas of inflammation (158).

They have been found in a variety of tumours including colon, kidney, lung,

pancreas and soft tissue sarcomas (158).
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1.8.2.2 Attracting Tie-2 Monocytes to tumours

TEMs localise to sites of angiogenesis in mouse models (159) and human
tumours. In humans they tend to localize to the peri-vascular space but also to
avascular hypoxic tissue (158) and are relatively absent from surrounding non-
tumour tissue. This distribution may reflect their attraction to angiopoietin-2

released from endothelial cells (162) secondary to hypoxia (158).

Tumour-associated Tie-2 monocytes have up-regulated Tie-2 expression greater
than have circulating Tie-2 monocytes and are more sensitive to Ang-2 (158).
Circulating TEMs are thought to be the precursor cells for tumour-infiltrating
TEMs. If circulating TEMs are collected and injected into tumour, they appear to

share the same pro-angiogenic properties as tumour-infiltrating TEMs (158).

1.8.2.3 Physiological role of Tie-2 Monocytes

TEMs are thought to play a role in tissue growth and regeneration. In mice post
partial hepatectomy they are present in granulation tissue and around new
vessels (163). In diabetic mice with neuropathy injected TEMs clustered around

affected nerves with some reversal of the condition (164).

1.8.2.4 Tie-2 Monocytes in Malighancy

In mouse tumour models the presence of TEMs is pro-angiogenic, leading to
more vascularized tumours than in a control group of CD14'Tie-2 cells (158,
159), which did not affect angiogenesis (158). De Palma et al used a transgenic
mouse, Tie-2-tk, devised so all proliferating Tie-2 expressing cells were
eliminated on administration of ganciclovir. Mice with TEM ablation showed a
reduction in tumour growth and angiogenesis. Tumour infiltration by TAMs was

unaffected suggesting they form two distinct subsets. If ganciclovir was
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withdrawn, tumour re-growth occurred after a further 2 weeks, suggesting TEM

reconstitution was required (159).

TEMs have been identified in a variety of malignancies including lung, kidney,
colon and pancreas (165), typically in the peri-vascular space (158). Circulating
Tie-2 monocytes are present in patients with neuroendocrine cancer (158). Tie-
2 expression is up-regulated with an enhanced function in these circulating cells
(166). The presence of Ang-2 or hypoxia altered the secretory pattern of Tie-2
monocytes with suppression of IL-2 (anti-angiogenic) and IL-12 TNF-a (pro-

apoptotic) (165).

1.8.2.5 Targeting Tie-2 Monocytes

Tie-2 monocytes have been considered for tumour targeting due to their ability
to migrate across tissues. De Palma et al labeled TEMs with the gene for
Interferon-a and obtained responses in orthotopic human gliomas and
spontaneous mouse mammary carcinomas (167). An increase in apoptosis,
inhibition of angiogenesis and an improved recruitment and activation of
immune cells was seen. The agent was well tolerated with no myelotoxicity or

impaired wound healing (167).

1.8.2.6 Tie-2 Monocytes as a Biomarker

Limited data exists on the efficacy of Tie-2 expressing monocytes as a
biomarker, either for tumours or for agents such as the VDA’s. Lee et al
considered marrow Tie-2 and found it was a prognostic factor for survival in

acute myelogenous leukaemia (168).
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After a procedure such as TAE, intense hypoxia occurs, with rebound
angiogenesis. If release of angiopoietin-2 is stimulated this may attract TEMs.

Conversely the blood level of these monocytes may reflect the tumour volume.

1.8.3 Endothelial Progenitor Cells

Endothelial progenitor cells are bone-marrow derived cells circulating in the
peripheral blood that appear to have a stem-cell phenotype. They have the
ability to migrate, form primitive tubes and adhere to substratum (169) and
have a high proliferation rate with the ability to form colonies. EPCs appear to
be attracted to areas of neo-vascularisation guided by angiogenic cytokines,
where they differentiate into endothelial cells before incorporation into the
growing vessel. They were first identified by Asahara et al (170, 171) who
demonstrated CD34+ve cells in the peripheral blood that could generate mature
endothelial cells in vitro and in vivo (171). Their primary role appears to be in
embryogenesis and vasculogenesis, considerable controversy exists as to their

role in cancer.

In addition to EPCs, circulating endothelial cells (CEC’s) are elevated in cancers
and fall in responding disease (172). These are cells shed from tumour-
associated endothelium rather than recruited from bone-marrow (173) and are
differentiated endothelial cells. In patients with gender mismatched bone
marrow transplants 95% of circulating endothelial cells were of vessel origin and
only 5-6% of bone-marrow origin. Cells of bone-marrow origin could be
expanded 1000-fold when cultured in vitro and are thought to represent EPCs

(174).



1.8.3.1 Defining endothelial progenitor cells and circulating endothelial cells

Culture assays remain the gold standard to define a cell as an EPC. This method
is not always practicable. Instead cell surface markers can be used with multi-
parametric flow cytometry. Unfortunately no cell marker exists that defines an
EPC with individual markers present on a wide range of cell lineages. Asahara et
al (171) used the combination of CD34 and VEGFR2 co-expression to define an
EPC. A variety of other cell markers have also been considered and no current
standard definition exists of what constitutes an EPC. Different pre-enrichment
steps and gating strategies have also been attempted. The variety of techniques
makes it difficult to compare research papers as it is not clear the same cell
population is being considered. It may be that different sub-populations of EPCs

exist with differing characteristics and cell surface markers.

Table 1.3 Defining endothelial progenitor cells
Table adapted from one by Pathak et al (175)

Surface Marker Endothelial progenitor Circulating endothelial
cell cell

VEGFR1 - +

VEGFR2 + +

VEGFR3 +

FGFR1 +

Tie-2 + +

VE-Cadherin (CD144) +

E-Selectin +/- +

CD34 + Dim

CD31 + +

CD133 + -

cKit + +

CD13 +

vWF

CXCR-4 + +

CD146

CD45 Dim -

+ = expression present; - = expression absent,; blank means no documentation
vWF= von Willebrand Factor; CXCR-4 = chemokine receptor-4, FGFR1 = fibroblast growth
receptor-1, VE-Cadherin = Vascular endothelial cadherin
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As EPCs develop from bone marrow to full differentiation their markers change.
Some aspects of this pathway are known. EPCs straight after release into the
circulation express CD133, CD34 and VEGFR2. As they mature into circulating
EPC’s they lose the marker CD133 (which is also expressed on haematopoietic

stem cells) and may express mature endothelial markers (176).

CD34 is present on both immature and mature EPCs so cannot differentiate
between them as is VEGFR2. CD146 is an endothelial cell marker (177) but is
also present on some mesenchymal cells and a population of activated
lymphocytes (178). The haematopoietic marker, CD45, is considered low or

negative in EPCs.

1.8.3.2 Numbers in circulation

The number of circulating EPCs found varies widely depending on the technique
used. With flow cytometry values are typically 70-210 cells/mL of blood (using
CD34/133/VEGFR2) (179). With cell culture, higher numbers can be generated
(180).

EPCs can be cultured by re-plating methods with colonies (CFU-ECs) appearing
as round cells in the centre. Cells are plated on fibronectin-coated plates with
tissue culture medium enriched with endothelial growth supplements. A pre-
plating method to remove monocytes and haematopoietic cells can be done
prior to plating to avoid contamination of the EPC culture. Colonies are seen as
cell masses with central round cells and spindle shaped cells in the periphery.
They are reported to express VEGFR2, CD31 and Tie-2 (181). Up to 10° cells can
be generated by this method (182).

Peripheral blood mononuclear cells (PBMNC) can also be cultured on

fibronectin plates with angiogenic cytokines for 4-6 days. After that time point
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non-adherent cells are removed. The adherent cells are considered to be
circulating angiogenic cells (CAC) and can enhance angiogenesis in vivo. They
express endothelial markers such as CD31, vWF (von-Willebrand Factor) and
Tie-2 and possess similar in-vitro characteristics but do not form the
characteristic colonies as seen above (183). Concern exists that these CACs and
CFU-EC groups may represent monocytes/macrophages rather than true EPCs
as they may express colony stimulating factor-1 and can phagocytose

Escherichia coli (184).

The different types of cell are summarized in Table 1.4.

Table 1.4 Potential endothelial angiogenic cells

Cell Profile Origin Morphology

Type

EPC CD31/CD34/CD133/c- Bone Immature PB cells.
kit/CXCR2/VEGFR2 marrow 20Um

CFU-EC | CD31/CD34/Tie-2/VEGFR2 Culture Colony formation

CAC CD31/vWF/Tie-2/VE- Culture No colony formation
cadherin

ECFC CD31/CD36/Tie- Culture Cobblestone colonies
2/VEGFR2/VE-
cadherin/vWF

1.8.3.3 Endothelial Progenitor cells and cancer

Bone-marrow derived endothelial cells are present in tumour-associated blood
vessels. They can restore impaired angiogenesis and are associated with tumour
progression and the development of metastasis. They are elevated in cancer
patients and have been considered as a potential biomarker for angiogenesis

(173, 185, 186). Some EPCs remain in the walls of human umbilical veins,
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representing a store of stem cells. If stimulated they can then differentiate into

endothelial cells or be recruited by cancer cells (187, 188).

1.8.3.4 Incorporation into tumour-associated vasculature

Incorporation of bone-marrow derived endothelial cells into blood vessels has
been demonstrated in tumour bearing mice (170). The degree of incorporation
in animal models varies between different tumour types, grades, involved
organs and mouse strains (189) and may vary with tumour growth rate and

degree of hypoxia.

If immuno-deficient mice are transplanted with human cancer cell lines the
percentage of bone-marrow derived cells in tumour endothelium varied from
non-detectable (163), 10-20% (190) and up to 50% (191). Duda et al
demonstrated that EPC-derived vessels were only 1.5% in mammary fat pad
breast cancers but 58% in a mammary model of brain carcinoma metastases
(192). EPCs preferentially localize to the tumour periphery in animal models
where blood vessel density was highest (193). In HCC they are found in adjacent

cirrhotic tissue to the tumour possibly under the influence of HIF-1a (194).

The role of EPCs in the formation of tumour endothelium remains controversial
(195, 196) and their role may vary between different tumour types and at
different developmental stages. For example Rajantie et al used multi-channel
laser scanning confocal microscopy in mice to study purported EPCs and found
that the cells remained in the peri-endothelium and resembled pericytes rather

than true EPCs (197, 198).
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1.8.3.5 EPC incorporation and stage of vessel development

EPC contribution to tumour vasculature changes over time. Mathematical
models show the proportion of tumour endothelium derived from EPCs rising
with increasing tumour size so that a 0.5mm tumour has 2% EPC derived, but
25% at 1mm and 40% at 1.5mm (188). This finding was confirmed in animal
models (199, 200), reaching 38% in mice with insulinomas. The more advanced

cancers appeared more able to recruit bone-marrow derived cells.

Although EPC levels are thought to increase with advancing disease, other
models consider them most influential in early and late stage disease (201).
Studies with low levels of EPCs are most often in untreated tumours at neither
the early or late stage (178). It has been hypothesized that the role of EPCs is to
generate a transient response to changed circumstances, such as in initial
relapse post-therapy (178). They appear to rise after chemotherapeutics such as
taxanes (202) and post-VDAs when they home to the viable tumour rim (202,

203), and may enhance tumour growth.

1.8.3.6 Enhancing tumour angiogenesis

EPC administration restored angiogenesis in angiogenic-defective (with
impaired endothelial sprouting) Id-mutant mice with lymphoma (199). In these
mice EPCs contributed 90% of tumour endothelium. If mice lacked placental
growth factor, bone-marrow derived cells could also restore VEGF-driven
angiogenesis (204). Gao et al implanted syngeneic mice, whose bone-marrow
cells expressed green fluorescent protein, with Lewis lung cancer cells
expressing red fluorescent protein (205). Bone-marrow derived cells were
12.7% of total endothelial cells. If EPC recruitment was prevented by
suppressing the transcription factor Id, neo-vascularisation was reduced, there

was a decrease in metastases and an increase in survival (205).
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1.8.3.7 The stimulus to EPC release

EPC recruitment is thought to be secondary to hypoxia and the release of HIF-
1a (206). Other factors considered likely to be involved are VEGF, GM-CSF
(Granulocyte macrophage-colony stimulating factor), SDF-1 (stromal cell derived
factor-1) and platelet-derived growth factor (207) as well as the soluble KIT
ligand which induces proliferation and migration in the bone marrow (208).
Exogenous VEGF stimulates a rise in circulating EPCs within 24 hours (209)
possibly via activation of MMP-9 or up-regulation of stromal cell derived factor-
1 (SDF-1) or CXCR4, which is chemotactic for EPCs recruiting them to areas of
neo-vascularisation (176). Cell homing is enhanced by SDF-1 injection (in the

presence of VEGF) and reduced by blockade of CXCR4 (210).

A dose-dependent increase in the number of functional EPCs has been seen
post administration of recombinant human erythropoietin (rHUEPO) both in
vitro and in human blood (211). In addition the level of circulating EPCs
correlates with serum erythropoietin (212), plasma VEGFR2 and plasma
interleukin-8 (213). EPC migration is stimulated by PDGF-1 (Platelet derived
growth factor), Ang-1 (429), PIGF, nitric oxide, statins, exercise and oestrogens
whereas a high CRP (C-reactive protein) or TNF-0 is associated with a lower

level (176).

1.8.3.8 EPCs as biomarkers

Mouse models show correlation between tumour size and circulating EPCs
(214). Administering cyclophosphamide to a mouse produced short term EPC
suppression followed by a rapid increase. If a metronomic schedule was used
EPCs remained suppressed. Endostatin and VEGFR2 antibodies both led to a
decrease in EPCs (202) that correlated with tumour response (186) as did

bevacizumab in rectal cancer (176).
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EPCs have been studied as a method to determine the optimal biological dose
of a blocking antibody to VEGFR2 (178) with the dose defined as that producing
the lowest number of viable EPCs. This method gave approximately the same
result as that from dose-response studies (800g per mouse versus 800-1200ug
respectively). The fall in EPCs did not correlate with tumour size or tumour
reduction. Optimal biological doses have been determined for other anti-

angiogenic therapies including metronomic chemotherapy schedules (178).

1.8.3.9 Clinical data

The contribution of EPCs to human tumour vasculature remains uncertain.
Peters et al studied 6 patients who received a sex mismatched bone marrow
transplant and then developed cancer. The contribution of bone-marrow cells in
tumour vasculature ranged from 1% in a head and neck tumour to 12% in a
lymphoma with an average of 4.9% (215). No fusion between bone-marrow
derived and existing cells was seen by FISH (Fluorescent in situ hybridization)

analysis.
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Table 1.5 EPC levels in human malignancy

Table adapted from Ding et al (188).

Tumour type

EPC levels

Correlated with

Lymphoma Circulating and biopsy Response to therapy and disease
derived EPCs activity
Igreja et al (432)
Myeloma Circulating EPCs Response to therapy and disease

activity
Zhang et al (433)

Acute myeloid
leukaemia

Circulating endothelial
like cells

Disease activity
Wierzbowska et al (434)

Breast cancer

Circulating Tie-2, mRNA,
circulating EPCs

Tumour size; Naik et al (435)
Disease activity; Sussman et al
(436)

Response to therapy and survival
Shirakawa et al (437)

Colorectal Circulating EPCs Treatment response and predict
cancer recurrence
Lin et al (438)
HCC CFU scores, Circulating Recurrence time; Ho et al (439)
EPCs and tissue-derived | VEGF and prognostic markers;
EPCs Yu et al (409)
NSCLC Circulating EPCs Survival, response to therapy

Dome et al (440)
Disease activity (441)

The level of circulating endothelial progenitor cells has been correlated with
prognosis in NSCLC with a level of > 1000/ml in peripheral blood associated with
a poorer survival (216). Responding disease was associated with a greater fall in
EPCs than in non-responders. In hepatocellular cancer patients had higher levels
of EPCs (using colony-forming scores) than control groups without liver disease
or with cirrhosis alone (143). Patients with un-resectable disease had higher
levels than patients who were suitable for surgery, and in patients undergoing

potentially curative surgery, higher levels were prognostic for relapse within
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one year. In breast cancer levels were increased and acted as a prognostic
marker (217). Levels of CD133, Tie-2 and VE-cadherin mRNA were elevated in
patients with infiltrating breast cancer (217). On receiving chemotherapy a 28%

decrease in EPC levels could be seen (218).

If EPCs levels do reflect angiogenesis they may be good biomarkers for drugs
with anti-angiogenic properties including metronomic chemotherapy. In rectal
cancer a single infusion of bevacizumab led to a decrease in peripheral blood
EPCs (219). A reduction in circulating EPCs post anti-angiogenic therapies has
been demonstrated in lymphoma (220), myeloma (221) and AML (222). Non-

responding patients do not show a fall in circulating EPCs.

1.8.4 Hypothesis Four

Our hypothesis was that the acute hypoxia induced by vascular shut down
would lead to an increase in angiogenic cytokines. Tie-2 expressing monocytes
would be recruited from bone marrow either secondary to hypoxia or to the
hypoxia-induced increase in the angiogenic cytokines. Tie-2 monocytes levels
would increase in the circulation and target tumour, promoting further
angiogenesis. Monocytes expressing Tie-2 would be anticipated to rise in the
circulation post vascular shut down. Tie-2 monocytes may therefore have

potential as a biomarker for the VDA's.

In Chapter Five | report a preliminary study to evaluate the feasibility of
assessing the level of Tie-2 monocytes in the peripheral blood as a biomarker

that could in future be used to assess the VDA agents.
Endothelial progenitor cells are known to be recruited to tumours under the

influence of the angiogenic cytokines and may subsequently enhance

angiogenesis. Our hypothesis is their levels will rise in the circulation post TAE
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secondary to hypoxia and ischaemic necrosis. Their level in the circulation may

have potential as a biomarker.

In Chapter Five | report our preliminary study considering the EPC's as a
potential biomarker for the vascular shut down induced by TAE. No standard
methodology currently exists for identifying EPC’s by flow cytometry, therefore

3 separate methods were explored to consider their respective feasibilities.
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Chapter Two ~I-CHT25 for CD25 expressing lymphoma

This Chapter will report the data from our phase | clinical trial assessing the
initial use of radioimmunotherapy in CD25 expressing lymphomas
(predominantly Hodgkins’ lymphoma). Before presenting the data | shall
consider the chosen antigen in greater detail and previous attempts at targeting

it with different molecules.

2.1 Interleukin-2 (IL-2) and its receptor (CD25)

The IL-2 molecule is a 15 kDa globular protein, pivotal to the activation and
proliferation of T-lymphocytes (223). The binding of effector T-cells to their
antigens leads to secretion of IL-2 and up-regulation of IL-2R (Interleukin-2
Receptor) on the cell surface. A positive feedback loop then magnifies clonal
expansion. The cell with the greatest concentration of IL-2R is the T-regulatory

cell and IL-2 has a significant role in the maintenance of tolerance.

2.1.1 The interleukin-2 receptor (CD25)

The IL-2 receptor has 3 subunits: see Table 2.1. The alpha subunit is restricted to

the IL2R whereas the beta and gamma subunits are common to many cytokines.

Table 2.1: Subunits of the Interleukin Receptor

Subunit Alt names Weight (kDa) Gene found
Alpha CD25 or Tac 55 Chromosome 10
Beta CD122 75 Chromosome 22
Gamma CD132 64 X Chromosome
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The beta and gamma units are required for signalling and receptor complex
formation. Their ubiquity means they are less useful as targets. The alpha
subunit is essential for a high-affinity binding site (223). Subunits can bind
individually but at a lower affinity. Loss of the alpha subunit leads to
abnormalities of T-cell regulation with an expansion of autoreactive T-cell
clones, tissue infiltration by T-cells, atrophy and inflammation (224). Episodic

suppression does not appear to cause this dysregulation (224).

2.2 CD25 expressing lymphomas

CD25 is expressed on many lymphoma cells but only a small number of normal
cells (activated lymphocytes and T-regulatory cells) that represent < 5% of the
normal T-lymphocyte population at any one time. It is expressed at extremely
high density (10° to 10* per cell) in HTLV-1 (human T-cell Lymphotropic virus)
associated adult T cell leukaemia / lymphoma (ATLL) where it is involved in an

important growth pathway (225).

CD25 is expressed to a variable extent on other lymphomas. It is highly
expressed (>75%) in hairy cell leukaemia, peripheral T-cell lymphomas, and
Hodgkin’s lymphoma (75-90%). In addition it is present on approximately 50% of
T-cell ymphomas (mixed) and cutaneous T-cell lymphomas, B-cell (intermediate

and high grade) and 50% chronic lymphocytic leukaemia (226, 227).

The first antibody to CD25 was named anti-tac as it bound to active T
lymphocytes (228). A humanized anti-tac has since been developed
(daclizumab) and a chimeric antibody to a separate epitope (basiliximab).
Patients with any CD25-expressing lymphoma were eligible to enter our study.

In the following section | shall briefly discuss some of these disease entities.
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2.2.1 Hodgkin’s lymphoma (HL)

Hodgkin’s lymphoma (HL) cells (Hodgkin or Reed-Sternberg cells) appear to
derive from B-cells at different developmental stages (229). They make up < 1%
of tumour bulk; the rest appears to be reactive lymphocytes and other immune
cells. Current treatment strategies (EBRT and combination chemotherapy) cure
approximately 80% of patients. In relapsed disease high—dose therapy with
ASCT can cure approximately an additional 50% (230). Allogeneic transplant has

not improved survival and has a high mortality rate (231).

2.2.1.1 Targeted therapy of HL

A variety of new targeted approaches have been attempted including the use of
antibodies, modulation of transcription pathways and anti-EBV (Epstein Barr
virus) agents. The first RIT trials used polyclonal anti-ferritin antibodies
conjugated with *3!1. A phase Il clinical trial treated 38 patients and saw a partial

response rate of 40% with symptomatic benefitin 77% (232).

CD30 is highly expressed in HL and relatively specific so a suitable target. Both
the murine (Ber-H2) and chimeric (SGN-30) unlabeled antibodies to CD30 had
no responses in patients with HL although 4 patients had stable disease for 6-16
months and 1 patient with anaplastic large cell ymphoma had a CR (Complete
response (233). A humanized antibody showed limited activity with 5 of 72
patients showing a response in a dose escalation phase I/l study but had no
clear dose response relationship (234). Studies of this combination with

chemotherapy are continuing.
The chimeric anti-CD30 antibody, SGN-30, has been attached to monomethyl

auristatin E, a tubulin inhibitor. In an animal model of HL it appeared potent and

selective (235) with a synergistic effect with chemotherapy (236) but clinical
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studies are awaited. Conjugating an anti-CD30 antibody with a radionuclide ~I,

produced a response rate of 6 out of 22 patients (237).

2.2.2 T-cell ymphomas

T-cell lymphomas make up approximately 12% of lymphomas (238) and vary
greatly in their aggressiveness and response to therapy. Their distribution
depends on the prevalence of viruses such as HTLV-1 and EBV (239). A variety of
T-cell ymphomas express CD25 including angioimmunoblastic lymphoma (AITL),
peripheral T-cell lymphoma, unspecified (PTCL-u) and adult T-cell
leukaemia/lymphoma (ATLL).

2.2.2.1 Adult T-cell leukaemia / lymphoma (ATLL)

ATLL results from infection with the retrovirus HTLV-1. Four subtypes exist
based on signs, symptoms and prognosis: an acute leukaemia type, nodal
lymphoma type, chronic leukaemia type or a smouldering course (240). It
initially responds well to chemotherapy but quickly relapses (240). High dose
interferon-a combined with zidovudine appeared promising in 2 small studies

(241, 242) as initial therapy or maintenance.

Initial studies of targeted agents used the unlabeled anti-Tac antibody and
demonstrated a modest benefit with responses lasting 1-8+ months (243). Anti-
Tac was then radiolabeled with *°Y and given to 18 patients (9 in the dose-
escalation phase). Of 16 evaluable patients 9 responded. Mean response
duration was 9.2 months for the 7 patients in PR (Partial response). Of the 2 in
CR, one died of leukaemia at 36 months and the other remained relapse-free at

3 years (244).
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2.3 CHT-25 clinical trial

The CHT25 clinical trial was a single centre, open label, phase | study using the
monoclonal chimeric antibody, basiliximab, to target CD25. The antibody was
conjugated to !l to augment cytotoxicity. The study was primarily dose-finding

but was designed to gain further information about toxicity and response.

It was estimated that trial recruitment would begin in March 2000 and
complete by 2003. However recruitment started in December 2002 and 9
patients were treated by July 2004. The trial was then suspended due to
regulatory issues arising from the introduction of the EU Clinical Trials Directive
and only re-opened in June 2006 with recruitment completed in June 2007. It
was approved by the Central Institutional Review Board (CIRB) and the Royal

Free Hospital Local Ethics Committee.

2.3.1 Hypothesis

The trial hypothesis was that the RIT product CHT25 would selectively target the
malignant cells in CD25-expressing HL and T-cell lymphoma leading to tumour
responses with a low toxicity. As CHT25 is a chimeric antibody, re-treatment

should be possible without high rates of HAMA /HACA formation.

2.3.2 Trial objectives

The primary objectives were to determine the toxicity profile of CHT25, define
the dose-limiting toxicity (DLT) and the maximum tolerated dose (MTD),
investigate the localisation, biodistribution and dosimetry of CHT25 in tumour
and normal tissues and determine the pharmacokinetic profile of the RIC. The
secondary objectives were to assess preliminary evidence of efficacy and

immunogenicity.
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2.4 Methods

2.4.1 The investigational product

CHT25 is a chimeric antibody conjugated to ***

I. The antibody, basiliximab, was
derived from the mouse antibody RFT5y2a. It was produced in vitro by
continuous culture fermentation of a murine-myeloma cell line which had
previously been transfected with plasmid borne recombinant gene constructs
coding for its murine variable and human constant regions (245). CHT25 binds
to the alpha subunit of the IL-2 receptor with a similar affinity to IL-2 itself.
Cross-reactivity to normal tissues was excluded by immunoperoxidase and

immunofluorescent studies with normal tissues (Dr Amlot — personal

communication).

Basiliximab is a licensed drug to prevent organ rejection in kidney transplant
patients and has been extensively studied. Toxicology on the antibody used
rhesus monkeys and concluded the agent was well tolerated with a terminal
half-life of 5.5 days and 3-4 days on repeat exposure. Human studies at doses of
20mg administered intravenously revealed no severe reactions, with a longer
half-life of 13.1 days (range 7-23 days) (245, 246). In a phase | study of 24
patients and 144 infusions (6 administrations per patient) there was no
evidence of HAMA or HACA antibody generation using ELISA (Enzyme linked
immunosorbent assay) or FACS (fluorescence activated cell sorting) inhibition
analysis and there was no reduction in half-life supporting the lack of an

immune reaction (246).

A phase Ill study of 190 patients compared basiliximab to placebo in the
prevention of transplant rejection (246). A 32% reduction in the number of
acute cellular rejection episodes was seen in the basiliximab arm with no
increase in side effects. Basiliximab is licensed for the prevention of rejection

under the brand name Simulect.
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2.4.2 Pharmaceutical

Basiliximab was supplied by Novartis as 10mg vials lyophilised for reconstitution
and stored at 2-8°C. The **'I was ordered via the Department of Medical Physics
and supplied by Amersham or MDS Nordion as a sodium iodide solution in
standard vials. It was stored in the radioactivity storage area at room

temperature.

2.4.3 Reconstitution and relabeling

A qualified radio-pharmacist performed the labelling process using the N-

bromo-succinamide/ L-tyrosine technique (247) at the Royal Free Hospital.

2.4.4 Selection of starting dose and schedule

Basiliximab was given at a fixed intravenous dose of 10mg as a targeting dose to
tumour cells that was previously well tolerated (246). The initial administered
activity of *'I was chosen at 370MBg/m? on the basis of dosimetry calculations
from previous work (unpublished) with the chimeric B72.3 anti-CEA antibody.
These calculations assumed the CHT25 distribution in tissues that do not
express CD25 would be the same as the anti-CEA antibody in tissues that do not

express CEA.

The intended schedule for the first 9 patients is shown in Table 2.2. Each cohort
consisted of 3 patients. A 7 day window was required before treating an
additional patient at the same dose level, and 4 weeks for escalation to the next

level.
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Table 2.2 Intended schedule

No of Patients Antibody Isotope treatment | Dose increased by
Treatment (mg) | (MBg/m?)

3 10mg 370 -

3 10mg 740 2

3 10mg 1480 2

3 10mg 2220 1.5

3 10mg 2960 1.3

The amount of *!| labelled to the CHT25 antibody varied slightly as it is not

possible to label doses with absolute accuracy.

2.4.5 Repeat dosing

Repeat dosing was permitted either at an escalated dose or the same dose if

these criteria were met:

e A minimum of 4 weeks had elapsed to identify toxicities.

e Evidence of localisation of CHT25 to tumour; tumour uptake had to be >

3% injected dose/kg.

e No DLT’s were observed at the current level; infusion of stem cells or

bone marrow cells were not required

* All the eligibility criteria (inclusion and exclusion criteria were still met)

e Any treatment related toxicities had resolved

Patients who had escalation of their treatment could be included in a second

cohort at the higher level.
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2.4.6 MTD-finding phase

If one of three patients in a cohort experienced a DLT the cohort was expanded
to 6. If in that expanded cohort no additional DLT’s were seen, dose escalation
could continue unless the DLT was a patient death (drug-related). If 2 patients
had a DLT or 1 patient had a drug-related death the treatment would de-

escalate to a lower level (the previous dose level or lower) to define the MTD.

After the first 9 patients were treated an interim analysis considered the
available evidence on efficacy and toxicity. It was decided to explore further
injected activity levels between 740 MBg/m2 and 1480 MBq/m2 with additional
cohorts investigated at both 1200 MBg/m2 and 1480 MBq/m2.

2.4.7 Administration of agent

Administration of CHT25 was over 40 minutes via a 1m infusion line and 3-way
tap with a lead shield for the RIC. The initial infusion rate was 6mg/hour,

increased to 24mg/hour if no side effects occurred.
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2.4.8 Inclusion and exclusion criteria

2.4.8.1 Inclusion Criteria

. A histologically proven lymphoma that expressed CD25 on > 50% of

malignant cells or the surrounding stromal cells in HL.

. Refractory or relapsed disease post standard therapy or medically

unfit for standard therapy

. Measurable disease on imaging; whether X-ray, ultrasound, CT, MRI

(Magnetic Resonance Imaging) or PET.

. An age greater than 18 years

. A life-expectancy > 3 months without therapy

. A WHO (World Health Organisation performance status < 2;

. In the first 1-9 patients or if an injected activity of *!| > 1480MBg/m?

was given a stem cell harvest was required (minimum 2 x 10°/L CD34

positive cells) or a bone marrow harvest (minimum 1 x 10°/L CD34

positive cells) to allow PBSCT (Peripheral blood stem cell transplant)

. Adequate organ function; including

o Neutrophil count > 1.5 x 10%/L.

o] Haemoglobin > 10g/dL.

0 Platelet count > 100 x 10°/L

o] Plasma creatinine < 150umol/l; EDTA (Ethylenediamine
tetraacetic acid) or urine creatinine clearance >50ml/min.

o] Plasma bilirubin < 30 pmol/l, alanine transaminase (ALT) and
aspartate aminotransferase (AST) < 2 x upper limit of normal (or
5 x if liver metastases).

o] International normalized ratio (INR)> 1.5.

o] Normal thyroid function or stable on treatment.

o] Adequate cardiac function; ejection fraction > 50% on MUGA

(Multi-gated acquisition scan) or on echocardiography.



e Be able to provide written informed consent; be capable of co-operating

with therapy and follow up.

2.4.8.2 Exclusion criteria

* No previous lymphoma therapy within the previous 4 weeks (excluding a
stable dose of steroids or palliative radiotherapy to a non-target lesion);
for nitrosureas or mitomycin C the period was 6 weeks.

¢ No bone marrow involvement by lymphoma > 25% on biopsy.

e Pregnancy, lactation or women of child-bearing age in whom pregnancy
could not be excluded, those of either sex of child-bearing age unable to
use adequate contraception for the study period.

e Serious non-malignant systemic disease, active uncontrolled infection,
severe respiratory disease or serologically positive for hepatitis B, C or
Human Immunodeficiency virus (HIV).

e A positive test for HAMA to CHT25.

e Any other medical condition that made them unsuitable in the opinion

of the investigator.

2.4.9 Pre-trial investigations

The pre-treatment investigations required are detailed in Table 2.3. Patients
were followed up for a minimum of 8 weeks or until all drug related toxicity had
resolved. Potassium lodide was administered initially at 100mg three times a
day for 3 days, reducing to 50mg bd up to day 11. Patients remained in-patients
with appropriate radiation-protection shielding until safe for discharge.
Patients were assessed daily as inpatients with haematology, biochemistry,
symptom history, vital signs, PK (Pharmacokinetic) analysis and y-camera

imaging recorded. The follow up protocol is summarized in Table 2.4.
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Table 2.3 Pre-trial investigations

Date pre-therapy

Nature of investigation

Within 12 weeks

Blood taken for HAMA

Within 4 weeks (preferably within 2)

Baseline evaluations for tumour extent

(CT/PET)

Within 2 weeks

Informed consent
Chest X-ray, ECG and bone marrow
examination, EDTA or 24-urine collection and

ECHO or MUGA

Within 1 week

Haematological and biochemical indices
Medical history and examination
Documentation of WHO status

Registration with Cancer Research UK Drug

Development Office

Table 2.4 Follow-up protocol

Follow-up protocol post discharge

Nature of investigation

Twice-weekly

Haematology and Biochemistry

Weekly

Clinical assessment including physical
examination (with WHO status)

T-lymphocyte assessment (first 9 patients only)

Day 8, 15 and 22

Urinalysis (blood, protein, pH, glucose)

Day 15, 29, 43 and 57

Plasma clotting screen

Day 25 and 53

FDG-PET scan

Day 22, 43 (if planned to re-treat) and 57

HAMA

Day 29 and 57

Tumour Imaging assessments
ECG, creatinine clearance, Thyroid function,

and MUGA or ECHO scan

The blood and urine tests included in the above definition were

¢ Haematology; Haemoglobin, white cell count, neutrophils, lymphocytes and platelets.

e Biochemistry; Sodium, potassium, urea, creatinine, urate, total protein, bilirubin, AST,

ALT, Alkaline phosphatase, glucose, GGT (gamma-gutanyl transferase)

¢ Clotting screen; PT (prothrombin time) APPT (activated partial thromboplastin time)

e Thyroid function tests; Plasma T4 and TSH (Thyroid stimulating hormone).
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2.4.10 Toxicity

Toxicity was graded according to the National Cancer Institute Common Toxicity

Criteria (version 2). The worst grade in each cycle was documented.

2.4.10.1 Definition of a dose-limiting toxicity (DLT)

A DLT was defined as a toxic event almost certainly or probably drug related
(see Table 2.5). In the dose escalation phase bone marrow and stem cells were
stored and could be re-infused if the neutrophil count fell below 0.2 x 109/I for >
2 days. In the MTD-finding phase a lower non-myeloablative administered
activity was given. The definition of a haematological DLT was changed to

reflect this.

Table 2.5 Dose-limiting toxicity

System Escalation phase MTD finding (6 patients)

(9 patients)

Bone marrow Grade 4 febrile | Grade 4 neutropenia not responding to
neutropenia therapy in 10 days

Grade 3 or 4 neutropenia associated with
fever / infection

Grade 4 thrombocytopenia either lasting
more than 5 days or with bleeding or requiring

transfusion

Nervous system Grade 2 or greater neurotoxicity

Other body organs | Any toxicity grade 3 or higher excluding Grade 3 nausea and Grade 3 / 4

vomiting and / or diarrhoea in patients not optimally treated

Whole body Drug related death

87




2.4.10.2 Definition of Maximum Tolerated Dose (MTD)

The MTD was defined as the dose above that at which either a single drug
related death occurred or where more than 30% of patients suffered dose

limiting toxicity.

2.4.11 Response assessment

Tumour response was determined using CT and FDG (fluorodeoxyglucose)-PET.
These two methods were combined using the Updated International Working
Group Response Criteria (248, 249) for lymphoma (see Table 2.6). Tumour
assessments were performed 2 weeks prior to trial entry and then every 4
weeks. Complete or partial responses were confirmed by a second study 4

weeks later.

24.11.1CT

Lesions were assessed according to WHO criteria. Bi-dimensional lesions had
their longest diameter and the perpendicular measurement at the widest point

recorded for a maximum of 10 lesions.

2.4.11.2 FDG-PET

Imaging was performed using an ADAC Vertex Plus Dual Head Co-incidence
camera hybrid SPECT/PET camera (Phillips-ADAC, Eindhoven, Netherlands or a
GE Discovery LS PET-CT (GE Healthcare, Amersham, UK). Two patients had
diabetes and were unable to tolerate the scanning time on the hybrid camera,
their *®FDG-PET scans were completed with the GE Discovery LS PET-CT. The
images were assessed visually and with a semi-automated region growing

program. Visual assessment was by a Consultant in nuclear medicine blinded as
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to patient identity and scan order to attempt to reduce the subjectivity and bias

inherent in this approach.

Table 2.6 Cheson criteria

Response Definition Nodal mass Organs Bone marrow
CR** All evidence | Any size mass allowed if | Nodules Infiltrate
Complete disease PET negative disappear disappeared on
Response disappeared biopsy/IHC*
PR" Regression >50% reduction in | As nodal Irrelevant if
Partial measurable disease on CT / at least 1 positive prior to
Response disease / no | site remains PET positive therapy

new sites
sD™ Failure to | PET positive sites remain | As nodal
Stable attain CR/PR and no new sites on CT or
Disease PET. No change in size CT

lesions

PD Any new lesion | New lesions or a >50% | >50% New or recurrent
Progressive or increase by > | increase in the size of | increase involvement of
Disease 50% of | more > than 1 node. | from nadir bone marrow.

previous Lesion PET positive.

lesions.

* Immunohistochemistry; **CR Complete response; * PR Partial response; ** SD Stable disease

&pD Progressive disease

8EDG uptake can be assessed semi-quantitatively by the SUV (standardized

uptake value). The mean tissue radiotracer concentration is obtained from a

region of interest (ROI) and corrected for injected activity. It is compared to a

homogeneous body distribution of radiotracer (250). Problems with this

method are in determining where to apply the ROl in the tissue of interest, it is

unclear if the relevant value is the mean or the maximum count per voxel and

SUV measurements only record tumour intensity with no account of shrinkage.

An alternative method pioneered in our department by Dr Alan Green and the

Department of Medical Physics was a region growing program (251). This
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program allows the inclusion of both intensity and tumour size to assess
response. Initially a threshold value was determined, intensity values above the
threshold were considered to be tumour and those lower were considered to be
normal tissue. A seed-point was placed in an area of tumour by the operator.
The placing was determined by visual inspection of tumour on PET images. The
CT images were available for comparison but no co-registration was feasible

during this study period.

From the seed-point placed the computer program grows the region outwards
contiguously including any point that had a voxel above the predetermined
threshold. An image is then produced of all the included data points. The
computer program then re-calculates the image from the seed-point that the
computer has identified as having the highest voxel count. The second
calculation should ensure that all relevant voxels are included. It continues re-
calculating from alternative seed-points until the results are identical indicating
there are no further voxels uncounted that are above threshold. The computer
then gives a numerical value including both voxel intensity and number of
voxels. This method can then be repeated for a number of target lesions that

can then be followed up during the study period.

The advantages of this method over using SUV’s are that it includes both
tumour shrinkage and a reduction in image intensity in assessing tumour
response. It is also less operator-dependent. With SUV calculations the value
can be altered by where the operator chooses to measure it from. With a
region-growing program, wherever the operator places the original seed-point

the value should be identical.

The disadvantages of this method are its current lack of clinical validation. It has

not yet been validated in lymphoma so no clarity exists about what constitutes

response or progressive disease. Green et al have validated it in solid tumours
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where it was found to discriminate patients at 9-12 weeks successfully into
those who went on to have a partial response and those with progressive
disease (251) and clear distinction could be seen as early as 2-4 weeks. These

studies have not been carried out in patients with lymphoma.

In addition any tumours that are situated close to a structure that has high FDG-
PET uptake are problematic. The structures of concern classically are the heart
and the bladder where voxels of interest can ‘bridge’ over into the anatomical
structure. In addition if FDG-PET uptake is low, this method can show a lack of
discrimination between low intensity disease and normal tissue. The method
does not address other concerns with the SUV, namely ensuring scans are
completed at identical time points post injection, with comparable glucose

concentrations and at the same temperature.

2.4.12 SPECT and dosimetry data

Patients had Planar and SPECT imaging performed at 4, 24, 48, 72 and 96 hours
using an ADAC Vertex dual headed gamma camera and reconstructed iteratively
(OSEM (ordered subsets expectation maximization) algorithm) applying scatter
and attenuation correction. ROI’'s were drawn on tumour and normal organs
(heart, lung, liver, spleen and kidneys) and average radioactivity uptake was
calculated using Olinda/XEM (Organ level internal dose assessment/

exponential modeling) (35) software.

2.4.13 Pharmacokinetics

Post administration of CHT25, 2.5ml of blood was taken in an EDTA tube at 1, 3,
6 and 24 hours post infusion and on days 2,3,6 and where possible day 9. Blood
was stored until safe to analyse. Radioactivity was measured with a Packard

Cobra 11 Series Auto gamma counter. Data was corrected for decay and
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expressed as % injected dose/kg. Mono- or bi-exponential decay curves were

modelled to the data and log linear regression used to calculate the half-lives.

2.4.14 Soluble Interleukin 2 receptor (sIL-2R)

The slIL-2R assay used a standard ELISA sIL-2R kit (Cellfree® Human). This kit
used 50l of serum previously stored at -80°C. Control samples were prepared
by serial dilutions of sIL-2R. 50l of conjugate reagent was added and the plate
incubated for 2 hours before the unbound reagent was washed off. 100l of
TMB (tetramethylbenzidine) substrate was added and the plate incubated for
30 minutes to allow enzymatic colour change before the stop solution was
added. The colour intensity was read using a plate reader at 450nm subtracting
550nm to reach the final result. A curve was constructed using the control
samples of known concentration and used to calculate the concentration in the

serum. The value was expressed in pg/ml.

2.4.15 Immunogenicity

HAMA levels were assessed by ELISA pre-study and on days 43 and 57 with the
murine antibody RFT5 and the non-specific isotype matched antibody RDFR2 as

positive and negative controls respectively.
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2.5 Results

2.5.1 Patient Characteristics

The CHT25 study opened for recruitment in December 2001 and completed in
August 2007. In that period 15 patients were treated on study; 1 patient with HL
was subsequently excluded when a second biopsy revealed dual pathology with
a CD25 negative B-cell lymphoma. His results were not included. Of the 14
patients; 11 had HL and 3 had T-cell lymphoma (of which 2 had ATLL). 5 women
and 9 men were treated. The median age was 42 years (range 27-70). The mean

number of prior therapies was 4 (range 1-8). Full details are given in Table 2.7.
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Table 2.7 Patient Characteristics

Patient characteristics No patients
Number of patients treated 14
Sex

Male 9
Female 5
Age

Median (range) in years 38 (27-70)
Tumour type

Hodgkin’s lymphoma 11
ATLL (adult T cell ymphoma/leukemia) 2
AITL (angioimmunoblastic T cell 1
lymphoma)

Performance Status

0 8
1 5
2 1
Ann Arbour Stage

I 0
Il 3
1] 2
1% 9
B symptoms

No 5
Yes 9
No of patients receiving ‘x’ prior regimens

of chemotherapy

1 1
2 2
3 4
4 3
5 3
8 1
Previous ASCT (autologous stem cell
transplant

No 5
Yes 9
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2.5.2 Administered activity received

Table 2.8 details the administered activity given to each patient on study and
the cumulative administered activity. In total 26 treatment courses were given.
The first 9 patients followed an escalating schedule from 370MBg/m? to

2960MBg/m?” with escalation allowed in the same patient.

The maximum number of cycles received by a single patient was 4 (patient 4).
At the highest dose level a treatment related death occurred at 2960MBg/m?.
For safety reasons the next 2 patients had their initial injected activity reduced
to 740MBg/m? where bone marrow suppression had not been significant. This
reduction was aimed at excluding patients found to have a low bone marrow

reserve from an excessive risk of toxicity.

After patient 9 a planned interim analysis was carried out. This considered that
evidence of responses had been seen at lower doses that were unlikely to be
myeloablative and (between 740MBg/m? and 1480MBg/m?) recommended this
lower range be investigated further. A dose cohort was therefore added at
1200MBg/m? with an additional 2 patients treated at 1480MBg/m?>. In this
second MTD finding phase no dose escalation was allowed in individual patients

to allow for a better discrimination between dose levels.
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Table 2.8 Administered Activity

Patient | Course 1 Course 2 Course 3 Course 4 | Cumulative

No MBqg/m’ MBqg/m? MBg/m’ MBg/m’ | Activity
(MBq) (MBq) (MBaq) (MBg) | MBqg/m’

(MBq)

1 370 (663) 370 (663)

2 370 (573) 370 (573)

3 370 (659) 740 (1368) 1110 (2027)

4 740 (1027) | 1480(1858) | 2220 (3480) | 370(554)* | 4810 (6919)

5 740 (1290) | 1480 (2220) 2220 (3510)

6 740 (1104) 740 (1104)

7 1480 (2394) | 2220 (3560) | 2960 6660 (10507)

(4553)**

8 740 (1093) 740 (1093)

9 740 (1175) | 1480 (2104) | 2220 (3239) 4440 (6518)

10 1200 (2322) | 1200 2400 (4809)

(2487)*

11 1200 (1604) | 1200 (1642) 2400 (3246)

12 1200 (2666) | 1200 (2650) 2400 (5316)

13 1480 (1999) 1480 (1999)

14 1480 (2620) 1480 (2620)

* Given as a compassionate treatment as did not meet the re-treatment criteria
** Treatment related death at this administered activity
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2.5.3 Toxicity

2.5.3.1 Haematological toxicity

Dose-limiting toxicity was haematological. Table 2.9 shows the nadir seen with
an increasing injected activity. No grade 3 or 4 haematological toxicity was seen
with the initial administered activity of 370MBg/m? but toxicity increased as the
administered activity was escalated to 2960MBg/m?. Patient 7 (2960MBg/m?)
developed prolonged myelosuppression and despite stem cell support, died 36
days after cycle 3 of Pneumocystis jiroveci pneumonia. De-escalation occurred
to 1200MBg/m? which was tolerated well but further grade 4 haematological
toxicity occurred at 1480MBg/m? with a median platelet nadir of 31 x 10°/L
(range 9-83) and neutrophil count of 1.31 x 10°/L (range 0.9-7.5). Patients with
Grade 4 neutropenia were treated with G-CSF (granulocyte colony stimulating
factor) to count recovery. Blood transfusion was used to maintain haemoglobin
between 12-14g/L for 4 weeks post administration to maximize radiation effect.

Six patients required platelet transfusion at or above the MTD.
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Table 2.9 Haematological Toxicity
By administered activity — depth of nadir

Administered | Haemoglobin | Neutrophil | Platelet nadir | Lymphocyte
activity nadir nadir (x10°/1) nadir (x10°/1)
(MBg/m?) (grams/dl) (x10°/1) (median/ (median/range)
(median/ (median/ range)
range) range
370 9.8(8.4-11.4) | 3(2.7-3.7) 187 (74-195) 0.45 (0.31-0.96)
3 treatments
740 9.5 (9-11.5) 4.7  (1.3-| 198 (60-384) | 0.38(0.19-1.55)
6 treatments 11.3)
1200: 5 8.8(7.7-10.2) | 1.3(0.9-7.5) | 31(9-83) 0.2 (0.18-1.55)
treatments*
3 patients
1480 8.4 (7-10) 0.8 (0.1-7.8) | 15 (8-150) 0.2 (0.1-0.58)
6 treatments
>2220:4 8.5 (6.3-9.5) 1(0.34-2.7) | 13 (8-36) 0.105  (0.06-
treatments* 0.21)
3 patients

The pattern of haematological toxicity with CHT25 was similar to that with other

RIC’s such as

131

I-T with a nadir approximately 6 weeks after therapy, resolving

over a number of weeks. The depth and length of the nadir was dependent on

the injected activity administered. Table 2.10 demonstrates this relationship.
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Table 2.10 Haematological Toxicity

By duration of nadir using CTCAET 2

Administered activity | 370 740 1200 1480 >2220

(MBq/M?)

Grade 3 Platelets (range)* | Nil Nil 3-42 27-78 32-176
days days days

Neutrophil count Grade 4 | Nil Nil Nil 2-30+° 36° days

(range) days

*Grade 3 toxicity was considered as grade 4 thrombocytopenia was treated with platelet
infusion so nadir length cannot be judged. “One patient had allogeneic transplant before count
recovery. ®Treatment related death occurred at 36 days

T Common toxicity criteria adverse events version 2

To demonstrate the course of haematological toxicity, two patient’s counts are
documented. Figure 2.1 demonstrates the effect of treatment at 1200MBg/m?

with a limited nadir particularly affecting the platelet count with good recovery.

Figure 2.2 demonstrates the effect of receiving a higher injected activity

(2220MBg/m?2) with a subsequent prolonged and lower nadir count.
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Figure 2.1 Patient 10

Level of platelet count (x10°/L), neutrophil count (x10°/L) and haemoglobin

(g/dL) post RIC administration (days)
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Figure 2.2 Patient 5

Level of platelet count (x10°/L), neutrophil count (x10°/L) and haemoglobin

(g/dL) post RIC administration (days)
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2.5.3.2 Non-haematological toxicity

Non-haematological toxicity was generally mild. The commonest was fatigue
and a mild elevation of the liver enzymes. A high level of non-neutropenic
infection was noted; whether this was secondary to an immunosuppressive
effect of the agent or was the result of the trial patient population (heavily pre-
treated and immunocompromised) is not clear. There was no evidence of viral
reactivation, as seen with known immunosuppressive regimens. The details of
all toxicities encountered considered to be certainly, probably or possibly drug-

related are documented in Table 2.11.
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Table 2.11 Non-haematological toxicity

Drug related toxicity: All toxicity seen that was considered possibly, probably or almost certainly
drug related. In addition it includes all infectious events regardless of presumed causation

Toxicity Description Gdl | Gd2 |Gd3 | Gd4 Overall
Metabolic Hypernatremia 2 0 0 0 2
Hyponatremia 1 0 0 0 1
Elevated urate 1 0 0 0 1
Constitutional | Fatigue 5 0 1 0 6
Fever 2 0 0 0 2
Blood Anaemia 0 8 3 0 11
Lymphopenia 0 1 8 0 9
Leukocytopenia 1 3 3 2 9
Neutropenia 0 1 2 4 7
Thrombocytopenia 0 2 3 6 11
Bleeding Haematuria 2 0 0 0 2
Vaginal bleeding 0 0 1 0 1
(menstrual)
Petechiae/bruising 1 0 0 0 1
Epistaxis 0 0 1 0 1
Infection Febrile neutropenia 0 0 2 1 3
Tunnelled line 0 1 4 0 5
infection 1 0 1 0 2
Upper respiratory
tract infection 0 1 0 1 2
Chest infection 0 1 0 0 1
Urinary tract infection | 2 0 0 0 2
Oral Candida
Gastro- Vomiting 1 0 1 0 2
intestinal Nausea 3 0 0 0 3
Stomatitis 0 1 0 0 1
Hepatic Elevated liver 5 0 0 0 5
enzymes
Renal Proteinuria 1 0 0 0 1
Endocrine Hypothyroidism 0 1 0 0 1
Cardio- Reduction cardiac 0 1 0 0 1
vascular function 1 0 0 0 1

Hypotension on day 1
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2.5.4 Response data

Objective clinical responses according to RECIST (Response Evaluation Criteria in
Solid Tumours) were observed in a dose dependent fashion. No responses were
seen at 370MBg/m? and only one at 740MBg/m?. Six of 9 patients treated at a
single administration of 1200 MBg/m? or higher had a response (3 = CR and 3 =
PR). Two of the responding patients were receiving concurrent corticosteroids
(patient 7 and 14), which remained at the same dose throughout the study.
These two patients had previously progressed on this dose of steroid. Neither

patient with ATLL received a dose at or above the MTD.

Table 2.12 describes the FDG-PET results from the region-growing programme
described by Green et al (251). The mean count per voxel for the volume of
interest grown was calculated. The values are expressed as a percentage of the
base line value so a reduction in tumour size or volume would give a value less

than 100%; an increase in size or volume would give a value greater than 100%.

Green et al defined a partial response as a reduction to less than 85% of
baseline uptake; stable disease between 85-100% and progressive disease
greater than 110%. A complete response was not defined. Validation was in
solid tumours not lymphoma (251). Combining PET and CT was in accordance

with the International Harmonization Project criteria (249).
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Table 2.12 Response data
Best response with imaging at 4 weeks and confirmed at 8 weeks.

Patient | Administered | FDG-PET FDG-PET CT Combined
activity (visual guantitative (WHO (Cheson
(MbQ/m?) analysis) assessment criteria) | criteria)

(baseline =100)

1 370 Not done | Notdone Not Clinical PD

done

2 370 Not done | Notdone PD PD (CT

alone)

3 370 PR 67 (PR) SD SD

4 740, 1480, | CR 0 (CR) PR CR
2220

5 740, 1480 CR 0 (CR) CR CR

6 740 PD 394 (PD) SD PD

7 1480, 2220, | PR 0 (CR) PR PR
2960

8 740 Not done | Not done Not Clinical PD

done

9 740, 1480, | SD 137 (PD) SD SD
2220

10 1200 PR 91 (SD) SD SD

11 1200, 1200 PR Not possible PR PR

12 1200, 1200 CR Not possible SD CR

13 1480 PD 70 (PR) PD PD

14 1480 PR 50 (PR) PR PR

* For the experimental region growing program as devised by Green et al (251),

this method has not been validated in lymphoma. The summary of response

achieved (CR, PR SD and PD) is therefore based on values obtained for solid

tumours and may not be applicable to lymphoma. In particular no criteria for

determining CR was made in their paper as no patient attained a CR. These

descriptions should therefore be treated with caution and are only given to

allow comparison with other methods of assessing response.
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There are some inconstancies between the 3 methods of assessing response.
The Updated International Working Group Criteria (248) was designed to assess
masses that remain post treatment. Prior to these criteria solid masses were
determined as a CR (unconfirmed) which was converted to CR if they remained
unchanged over 1 year. Using the updated criteria a patient is considered in CR
if masses fail to take up FDG-PET on PET-CT. The updated criteria have the
advantage of correlating well with prognosis (249). On these criteria patient 4
was updated from PR to CR and patient 12 from SD to PR. Conversely in patient
6 the CT scan did not meet RECIST criteria for progressive disease, but the FDG-
PET did. In this situation the FDG-PET is considered more indicative of the
patients’ prognosis and this is recognized in the combined scoring (248). The
combination of FDG-PET and CT as detailed in the final column have now

become the standard of care in assessing lymphoma response (248).

The semi-automatic region-growing program is consistent with the FDG-PET as
assessed visually apart from patients 7, 9, 10 and 13. In patient 7 the semi-
automatic program was not able to determine low intensity disease. It had been
predicted that this would be a likely challenge (251). In patient 9 and 10 whilst
visual assessment reported SD and a PR respectively, the region growing
program showed progression and SD respectively. In both these cases the
patients went on to progress relatively rapidly post therapy suggesting that the
region growing program may have been more accurate at predicting the lack of
a long term response. In patient 13 visually progression was seen which was not
confirmed by the region-growing program. This discrepancy appeared to relate
to disease close to myocardium making the disease difficult to assess by the

region-growing method and the results unreliable.
As the semi-automatic region-growing method remains experimental it should

be treated with caution. Before it can be used as part of standard methodology

it would need to be validated for use in lymphoma. In addition methods will
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need to be considered to overcome the problems encountered in patients 7 and
13. Until that time the gold standard for lymphoma response assessment will
remain the Updated Working Group Criteria as determined by Cheson et al

(249).

2.5.4.1 Demonstration of response in 1 patient

Figure 2.3 includes the PET and CT images from patient 14; demonstrating a
partial response. The patient subsequently went on to have an allogeneic bone

marrow transplant.

Figure 2.3 Response in Patient 14

(A) and (B) pre treatment showing nodal disease (arrowed). (C) and (D) are 4

weeks post treatment.

Lymphoma
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2.5.5 Survival data

The median survival post CHT25 was 453 days (range 44-281) with 2 patients
still alive at 624 and 595 days. The data is shown in a Kaplan-Meier plot in Figure
2.4

Figure 2.4 Survival.

Fraction of patients surviving over time (days) using Kaplan-Meier method.
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2.5.6 Dosimetry data

Dosimetry data was acquired for 11 of 14 patients. Figure 2.5 shows the
biodistribution data, with the decay corrected to collection time, of injected
dose of radioactivity, at four time points. It is presented in this way with
absolute activities per organ rather than ratios as the absolute values are
required to calculate the subsequent dosimetry studies. The data demonstrates

retention of radiation in tumour over time compared to normal organs.
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The absorbed radiation dose per injected activity for both normal organs and
tumour are shown in Figure 2.6 and Figure 2.7. Tumour and normal organ doses
are not directly comparable. Normal organ doses include radiation dose from
surrounding organs whilst tumour dose does not, tumour dose is therefore
underestimated. The low number of patients with tumour dosimetry recorded
was due to technical difficulties with the camera calibration making the
measurements unreliable. In two patients it was not possible to reliably
separate tumour uptake from surrounding tissue. With future studies the
acquisition of a new gamma-camera allowing co-registration of SPECT data with
CT will alleviate some of these problems encountered in this study. With the
caveats above the median muscle to tumour ratio was 1:2 (range from 0.69 to
7.63 times muscle value). The small tumour data set makes these values difficult

to interpret.

Figure 2.5 Injected activity % (median)
Mean and ranges of radioactivity uptake by time
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Figure 2.6 Mean and ranges of radiation dose to normal organs.

This includes contribution from other organs
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Figure 2.7 Radiation dose to tumour

This excludes contribution from normal organs. The treatment cycle is
documented in brackets after the patient number.
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Figure 2.8 and Figure 2.9 consider correlations between absorbed radiation
dose and toxicity and response. Figure 2.8 correlates the red marrow absorbed
radiation dose to the percentage change in platelet count from start to nadir.
Only the first cycle of treatment was considered to avoid ambiguity with the
cumulative effects of radiation. Figure 2.9 correlates tumour absorbed radiation
dose with response in 7 patients. There is no overlap between the 2 groups
(those with response compared to those with stable or progressive disease) but

the number of data points are too few to draw any conclusions.

Figure 2.8 Correlation red marrow dose and % change platelet count
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Figure 2.9 Tumour absorbed dose and response (graph and table)
Response was determined using the Updated International Working Group
Response Criteria (Cheson Criteria)(249).
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2.5.7 Pharmacokinetics

Table 2.9 shows the pharmacokinetics for 22 treatments; 13 can be modelled
using a bi-exponential model while 9 fit a mono-exponential. This difference
may relate to data collection point positioning masking an initial rapid
clearance. Using the mono- or bi-exponential model as appropriate it is possible
to calculate the 50% and 90% clearance which was 44 and 193.5 hours
respectively. For the 13 treatments possible to fit to a bi-exponential model the
t % o was 6.1 hours and the t % [3 was 86.7 hours. As predicted the chimeric
antibody half-life was longer than the murine anti-CD25 anti-Tac antibody
labelled with °Y (t % o of 3.51 hours and a t % B of 54 hours).
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Table 2.13 Pharmacokinetics
Aoa, Agh: amplitudes, Ty, Typ: half lives of the 1°f and 2™ components of the bi-
exponential curve, %ID/kg: percentage injected dose per kilogram, 50% & 10%:
time taken for modelled activity to fall to 50 or 10% of initial value.

Dose Patient | AOa(% AO0b(% Tha- | TVb 50.0%(h) | 10.0%(h)
level No ID/kg) ID/kg) (h) (h)

370 1 0.7 3.6 6.1 |98.4 |73.5 305.5
370 3.1 1.9 6.5 3.2 58.3 37 174
740 3.2 2.7 8 8 28.8
740 4.1 1.8 8.5 0.4 60.4 43.5 186
740 5.1 6 7.1 10.7 | 422.5 | 60* 1025*
740 6 1.3 14 0.05 | 46.3 12.5 120
740 8 3.1 5.5 0.9 57.2 20.5 153
740 9.1 8.2 44.1 44 144
1200 10.1 3.1 5.9 0.9 |86.7 |[33.5 234
1200 11.1 15.5 53 53 176
1200 12.1 7.4 12.7 17.2 | 1139 |53 300
1200 12.2 9.6 37.5 37 126
1480 4.2 4.5 5.8 1.8 | 1356 |35 338
1480 5.2 1.9 2.9 16.4 | 122.7 |51 318
1480 7.1 2.9 7 6.3 76 39 214
1480 9.2 8 43.9 44 144
1480 13 5.5 57.8 58 192
1480 14 2.8 4.5 17 108.1 |51 285
2220 4.3 3.8 123.4 | 123 410
2220 7.2 7.9 66.1 |66 220
2220 9.3 1.9 3.4 10.3 | 58.8 |30 156
2960 7.3 4.6 58.6 | 58.5 195
Median 44 193.5

(*) The long decay shown might have been affected by the small number of blood samples

2.5.8 Soluble IL2-R

The median pre treatment soluble IL-2R (sIL2-R) was 2803.3 U/ml (range 580-

66080 U/ml). This compares with median normal values for the assay of

521U/ml (range 269 — 1116 U/ml). The level of pre-treatment sIL2-R was not

found to be a prognostic factor for survival in this small patient sample; patients

with above median values had a survival of 407 days compared to 485 days,

which was not significantly different (Kaplan-Meier method, Mantel-Cox x*0.17,
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p = 0.68). Previous work had shown a patient sub-group with a low sIL2-R and a
good prognosis (252). Only 1 of our patients fell into this good prognostic

category.

The molar ratio between the CHT25 antibody and sIL-2R levels in plasma at the
moment post injection (using plasma volume from standard man) was
calculated to be a median of 49 to 1 (with a range from 2:1 — 260:1). There was

no clear relationship between the ratio and response.

The percent change in sIL-2R values were calculated pre and post therapy.
Patients with falling or stable values had a median survival of 671 days
compared with 279 in those with a rising value (p=0.0049 Log rank (Mantel-Cox)

test. The survival curves are demonstrated in Figure 2.10.

Figure 2.10 Survival according to % change in sIL2R pre and post therapy
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2.5.9 Immunogenicity

Three patients received 3 treatments, 4 had 2 treatments and 7 had 1. One
patient became HACA positive (patient 1) at 45 days after the 1% treatment.
There was rapid blood clearance of CHT-25 in patient 3 without positive HACA
and this was not explained. Patient 9 was non-specifically positive in the HACA
assay to both irrelevant control antibody and PBS (phosphate buffered solution)
at baseline; values fell with therapy suggesting non-specific binding. One patient
post-allograft was ineligible for study entry due to a positive HACA possibly

representing an immune anti-tumour response.

2.6 Conclusions and Discussion

There is limited experience with chimeric or human antibodies in RIT. This study
determines the pharmacokinetic, pharmacodynamic, related toxicity and
tumour response, and reports generally favourable findings at the MTD. The
patients included had poor prognostic features (Table 2.7) with tumours

resistant to multiple lines of therapy and concomitant damage to bone marrow.

Dose-limiting toxicity, as predicted, was myelosuppression which was readily
managed at the MTD. The only treatment related death occurred in a patient
who received more than twice this dose. The rate of non-neutropenic infection
was relatively high (Of 10 patients with infections, 3 were neutropenic
associated). It is unclear whether this rate was due to modulation of CD25-
positive immune cells by therapy or the pre-existing immunosuppression of this
group. No evidence of viral re-activation was seen but given the associated
lymphopenia, appropriate microbial prophylaxis may be warranted in future
studies. It was confirmed that repeat therapy was feasible after haematological
recovery. Further chemotherapy was not precluded in patients whose tumour

did not respond. Two patients underwent high dose procedures after receiving
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CHT25 (one allogeneic bone marrow transplant and one ASCT) and both had

successful engraftment.

Response was assessed using ‘®FDG-PET and CT consistent with current best
practice. Of 9 patients treated at or above the MTD the overall response rate
was 67% (3 CR and 3 PR). Two further patients had stable disease while 1 had
progression. The 2 patients on stable doses of prednisolone responded having
previously progressed whilst taking that steroid dose. As a phase | study the
response rate was encouraging. The median survival of 453 days was in part due

to sustained remissions, some of which were long-term.

Correlation was seen between red marrow absorbed dose and marrow toxicity.
Variation in the extent of bone marrow damage pre-CHT25 was not considered.
Baechler et al found the main determinant for haematological toxicity was the
duration since the preceding chemotherapy regime (253). Flt3-L (Fms like
tyrosine kinase ligand) levels have been reported as a means of addressing the
degree of marrow vulnerability (254) and would be worthy of inclusion in future

trials.

Dosimetry demonstrated a longer retention of activity in tumour compared with
normal tissues. To exploit this, >!1 with its physical half life of 8 days was chosen
as the therapeutic radionuclide. Tumour responses were only recorded in
patients with absorbed doses = 1990 mGy showing the potential for dosimetry
studies to identify patients suitable for treatment. Although the radiation
appears important for tumour response, additional antibody factors may assist.
Recent work has considered a possible anti-cancer effect from the depletion of
regulatory T cells (255) or through other immune effects. Evidence of a direct
anti-cancer immune mediated antibody effect is currently inconclusive. Of note
unlabeled antibody without a RIC showed limited benefit with short lived

responses (243).
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The pharmacokinetics and dosimetry data reveal the chimeric antibody
delivered radiation to normal tissues over a more prolonged time than

previously reported in the murine CD25 antibody (*°Y-antiTac) (16).

The serum slIL2 receptor was elevated in our study, although to a variable extent
between patients. In every patient it was found at a lower concentration than
its antibody, CHT25 at the time of its administration. The ratio of antibody to
sIL-2R appeared adequate for targeting (by dosimetry) and generated a high
tumour response rate. Further improvement may be seen by reducing slL-2
levels prior to CHT25 administration to prevent antibody diversion away from
tumour. The two successfully licensed RIC’s both administer unlabeled antibody
prior to the RIC to overcome the CD20 ‘sink’ on normal cells. An elevated sIL2-R
level is known to be an adverse prognostic factor in Hodgkin’s lymphoma (252).
Our study could not confirm that pre-treatment sIL-2R levels were a prognostic
survival factor although this is not definitive due to the small sample size.

h 3! is that the mean path

One advantage of arming monoclonal antibodies wit
length (0.4mm) of the radionuclide allows for the eradication of adjacent
antigen-negative tumour cells (‘the crossfire effect’) (10, 11). The longer path
length of *°Y results in a greater proportion of the dose being deposited outside
small tumour masses and the shorter half life means the prolonged retention of
antibody in tumor cannot be exploited. There is potential for investigation for
other radionuclides and combinations of radionuclides.

h 3! has been used in phase I/1l clinical trials in HL with

Previously RIT wit
polyclonal anti-ferritin or anti-CD30 directed antibodies (232, 237). The overall
response rates ranged from 36 to 49 % and the major side-effect, as observed

here, was haematological toxicity, most notably thrombocytopenia.
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Unlabelled monoclonal antibody therapy directed against CD25 exploits the
discordance in IL-2R-alpha expression between tumour cells and normal tissue
and has an established history in hematopoietic malignancy (243, 244). CHT25
could be useful in tumours other than HL (226, 227) one patient with a T cell

lymphoma had a CR in our study.

CHT25 has a potential application in preparation for autologous and allogeneic
transplantation giving the possibility of long term disease control to a
proportion of patients with relapsed or refractory disease. Demonstrable
chemo-sensitivity and maximal reduction in disease burden prior to
transplantation are critical predictors of outcome (230, 256). In this study we
induced responses and transplanted patients previously considered
inappropriate for this treatment. This justifies further investigation of CHT25
either to render patients eligible for transplant or to improve transplant
outcome when combined with standard conditioning regimens. It may have a
place in the early treatment of poor prognosis patients and in other CD25-

positive lymphomas.

In summary, the CHT25 study demonstrates that RIT with a chimeric antibody
can be safely administered at a dose of 1200MBg/m? giving objective responses
in a high proportion of patients with lymphomas expressing CD25.
Pharmacokinetic and pharmacodynamic parameters relevant to producing this
effect have been shown. CHT25 appears to have potential as a new treatment in

this patient group.
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Chapter Three: RIT of CEA-expressing Malignancy with
*!|_.A5B7 and CA4P

Our hypothesis stated that it would be unlikely for single agent RIT to be
effective in solid tumours, particularly in bulky disease. Instead we decided to
investigate the combination of a Vascular Disrupting Agent (VDA) with RIT. We
hoped to demonstrate synergy between the two agents, due to their differing
modes and sites of action within the tumour. Scheduling of the agents was
designed to facilitate RIC trapping in tumour. Synergy had already been seen in
animal experiments between the two compounds with transformation of a sub-

curative therapy to a curative one.

The VDA that was chosen was Combretastatin-4-Phosphate (CA4P), which acts
by binding tubulin. Initially in this chapter | shall discuss this compound before

considering the chosen antibody, A5B7, a murine anti-CEA antibody.

3.1 Combretastatin-A4-phosphate (CA4P)

CA4P is a water-soluble pro-drug that is dephosphorylated into CA4, the active
form, before binding rapidly to [B-tubulin causing depolymerisation and
inhibition of tubulin assembly (257, 258). Newly formed endothelial cells
become distorted, leading to blood vessel occlusion and a reduced flow. Mature
cells are relatively unaffected as their actin cytoskeleton is more robust (259).
CA4P also disrupts endothelial cell signalling via the vascular endothelial

cadherin pathway (260).
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3.1.1 Pre-clinical studies

CA4P leads to rapid reductions in tumour blood flow in mice with spontaneous
tumours, and xenografts (261, 262). The first effects are visible at 10-20 minutes
with endothelial cell distortion in vitro. Vascular collapse follows at 1 hour
leading to a core of haemorrhagic necrosis (263). At 6 hours tumour blood flow
is reduced 100 fold with only minimal changes in normal organ flow (262).
Tumour blood flow returns to normal by 24 hours post infusion (264) and
massive tumour necrosis is visible with 90-99% of tumour cells killed (using
100mg/kg). The effect on tumour growth is minimal as repopulation occurs
from the viable rim of peripheral tumour cells supplied by normal blood vessels

(263). In our combination study we hypothesize these will be killed by RIT.

3.1.2 Clinical studies

Three Phase | studies have investigated CA4P as a single agent in refractory solid
tumours (265-267) using DCE-MRI (Dynamic contrast enhanced — magnetic
resonance imaging) to assess blood flow (See Table 3.1 and Table 3.2). Each
study used a different dosing schedule; a single dose every 21 days (266), 5
consecutive doses in 21 days (267) and weekly (265). All 3 studies had a
reduction in tumour blood flow with little effect on systemic flow. In 2 of the 3
studies, 1 patient had an objective response. Disease stability or minor

responses were more common and ranged from 9% (265) to 38% (266).

CA4P was generally well tolerated. The commonest side effects were nausea,
headache, tumour pain and tiredness. Most toxicity resolved within 2 days.
Dose limiting toxicities developed between 52mg/m? and 114mg/m? and are

described in Table 3.2. The MTD was defined as between 60-68mg/m2.
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Table 3.1 Phase One studies of CA4P

Trial Number Patient group | Monotherapy | Response
Dowlati et al | 25 Refractory Single agent | 1 CR*
2002 (183) solid tumours | CA4P 11SD
Rustin et al | 34 Refractory Single agent | 4SD
2003 (181) solid tumours | CA4P

Stevenson et | 37 Refractory Single agent | 1 PR**

al 2003 (182) solid tumours | CA4P 16 SD

* A patient with anaplastic thyroid cancer who has remained in complete remission for > 5

years.

** A patient with metastatic soft tissue sarcoma

Table 3.2 Dose-limiting toxicity with CA4P

Dose-limiting toxicity encountered (number patients in brackets)
Dose (mg/mz) 60 75 90 114
Dowlati et al Myocardial Cardiac
(183) ischaemia (1) ischaemia and
Prolonged QTc dyspnoea (2)
(1)
Rustin et al Small Ataxia (1) Ataxia (2)
(181) bowel Dyspnoea,
ischaemia vasovagal and
(1)* tumour pain (1)
Stevenson et Tumour
al (182) pain (2)

* patient died at day 15 from an ischaemic and /or perforated bowel associated with a tumour

mass in a previous radiotherapy field. It was defined as treatment related due to possible

impairment of mesenteric blood supply to an area already compromised by the radiation.
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3.1.3 Combining a VDA with RIT

Pre-clinical studies of the combination suggest that with optimal timing, tumour
blood vessel collapse may trap radiolabeled antibody within tumour and
increase tumour absorbed dose (123, 268). The optimal schedule for the CA4P
in animal models was 24-48 hours after the radioimmunoconjugate (RIC) (268)
giving a 90% increase in radiation retention compared to the control of RIT

alone (123).

In pre-clinical animal models the combination transformed a sub-curative
therapy into a curative one (with both CA4P (123) and DMXAA (269)), although
with a narrow therapeutic window. Pedley et al administered CA4P and “*!I-
A5B7 to nude mice with the colorectal xenograft SW1222. Single agent CA4P
had no effect on survival, the RIC prolonged survival by 35 days, but the
combination led to cures in 85% of mice (123) with no viable tumour cells found

at the implantation site.

3.2 A5B7 Antibody

The A5B7 Antibody is a murine monoclonal IgG antibody targeting CEA. In
normal colonic epithelium it reacts against the cellular apical regions. In colonic
carcinoma it reacts against both the basal and luminal cellular surface at
moderate or intense levels. The targeting of the basal region is important as this
areas is more accessible to antibody (270). Whilst the exact epitope that A5B7
reacts against remains unknown it is specific to CEA without cross-reactivity to

liver, erythrocytes or neutrophils (271).
A7B7 has been demonstrated to localise to human colon carcinoma xenografts

by Pedley et al (123, 272). A previous single-agent phase | study of *!|-A5B7
found an MTD of 2400MBg/m? with bone marrow toxicity dose-limiting (94).
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The half-life of **'I-A5B7 was 28.6 hours in blood and 59.5 hours in tumour. The
single-agent response rate was 10%. The MTD of CA4P from single-agent studies
was between 60-68mg/m2 (265, 266) with a mean plasma half-life of 0.2 hours,
2 hours for CA4 and a further 4.3 hours for the subsequent product CA4G.

3.3 Methods

The AS5B7 CA4P study was a two-centre, open-label, non-randomized dose-
escalation study designed to evaluate the combination of RIT, 131I-ASB7, and
CA4P. The patients were recruited from the Royal Free Hospital NHS Trust and

Mount Vernon Hospital.

3.3.1 Trial Objectives

The primary objectives were to determine the safety profile of the combination
of *'1-A5B7 and CA4P and to determine the relationship between efficacy and

tumour blood flow reduction by CA4P.

Secondary objectives were to determine the MTD of the combination and to

assess pharmacokinetics and pharmacodynamics.

3.3.2 Pharmaceutical

A5B7 was produced at the Biotherapeutics Development Unit (Cancer Research
UK, Clare Hall Laboratories) by purification from tissue culture fluid using
protein A chromatography and ion exchange chromatography. It was then
formulated in isotonic phosphate buffered solution (PBS) and stored at 4°C. It

131|

was radiolabeled with at the Royal Free Hospital using the N-

bromosuccinamide method (247), known to have a labelling efficiency of 88-
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131 was obtained from Amersham

94% without loss of immunoreactivity (94).
Pharmacia Biotech as sodium iodide. After labelling drug stability was estimated

at 4 hours.

CA4P was supplied by Oxigene Inc., to the Cancer Research UK Formulation Unit
who performed the final labelling operations. It was supplied as a sterile freeze-
dried, disodium salt in amber vials. It is light sensitive and was stored

refrigerated in the dark.

3.3.3 Selection of starting dose and schedule

The starting doses of both agents were lower than their respective MTDs from
their single agent studies for safety. For CA4P, 45 (50)* mg/m” was considered
to be the lowest dose with a reasonable chance of reducing tumour blood flow
with a planned escalation to 55 (60.5)* mg/m? the MTD recommended by
Oxigene. The starting dose of *'| was 1800 MBq/m?, which is 25% below its
MTD from single agent studies. It was planned to increase to the single-agent
MTD of 2400 MBq/mZ. No additive toxicity was anticipated from previous
animal studies (75, 185) as the two compounds had differing mechanisms of
action and toxicity profiles. The A5B7 antibody was given at a fixed dose of
10mg.

* The CA4P dose is presented as the free acid form concentration and is 90% of the dose

representing the disodium salt. The equivalent salt form concentration is shown in brackets.

A traditional 3 + 3 dose-escalation strategy was employed. Each dose was
administered in cohorts of 3 patients. If a DLT occurred the cohort was
expanded to 6 patients. Dose escalation was allowed providing 0 of 3 patients
or less than 2 of 6 patients experienced a DLT. A minimum time interval of 7
days was required before treating a new patient in the same cohort, and 4

weeks if escalating to a new cohort to allow time to assess for toxicity.
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Table 3.3 Planned dose escalation schedule

Planned cohort CA4P* (mg/m?) A5B7 (mg) 131-lodine
(MBg/m?)
1 45 (50) 10 1800
2 55 (60.5) 10 1800
3 55 (60.5) 10 2100
55 (60.5) 10 2400

* The CA4P dose is presented as the free acid form concentration and is 90% of the dose

representing the disodium salt. The equivalent salt form concentration is shown in brackets.

If there was no evidence of disease progression on day 57 and the eligibility
criteria were still met a patient could be retreated at the same dose. If HAMA
positivity had occurred, CA4P could be given alone. The initial planned study
size was 14 patients. If no evidence of efficacy was seen at that point the trial
would be terminated. If responses were observed a further 11 patients would

be recruited.

3.3.4 Agent administration

Radiation protection issues meant the DCE-MRI could not be performed after
administration of the RIC. To assess the vascular response to CA4P it was
decided to administer CA4P 1-2 weeks prior to the RIC with DCE-MRI
assessment pre and post and pharmacokinetic assessment. Previous work had
demonstrated recovery of tumour vasculature 24 hours after CA4P (263) so this
protocol was considered unlikely to reduce subsequent tumour **%|-A5B7

uptake. 3!

I-A5B7 was given on day 0 with CA4P on days 3, 4 and weekly
thereafter for up to seven weeks or until unacceptable toxicity or tumour

progression occurred. The rationale for CA4P on day 3 was based on animal
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131

work suggesting this is the optimal schedule to trap ~"I-A5B7 in tumour (123).

Day 4 was added to maximise this effect.

CA4P was reconstituted with 11ml sterile water then diluted with 100-150ml
0.9% saline. It could then be kept for up to 4 hours if protected from light. A
line filter removed particulates during the 10 minute infusion time. Patients

were monitored for 4-6 hours afterwards for cardiovascular instability.

B31_A5B7 was given intravenously over 30-40 minutes in 50ml 0.9% saline using

a shielded syringe driver. Radiation protection personnel were present to
ensure compliance with the lonization Radiation Regulations. Resuscitation

facilities were available.

3.3.5 Inclusion and Exclusion criteria

3.3.5.1 Inclusion Criteria

¢ Histological diagnosis of a CEA-expressing gastrointestinal malignancy.
Plasma CEA level 10-1000 Lig/L or CEA-expression on tumour blocks

e Measurable disease clinically or on CT / MRI assessable by RECIST
criteria.

e Completed or not eligible for standard anti-cancer therapies.

¢ Disease suitable for blood flow evaluation by DCE-MRI (> 2cm / not in
sites that move with respiration or vascular pulsation). Be able to
tolerate MRI.

¢ A normal ECG (Electrocardiography) with a QTc interval < 450msec

e Age>18year

* Life expectancy > 3 months

e Performance status (WHO criteria) O or 1
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¢ Adequate organ function for the study including:
0 Neutrophil count > 1.5 x 10°/L
0 Haemoglobin >9g/dl (to transfuse to > 10g/dl)
0 Platelet count > 100 x 10°/L
0 Calculated creatinine clearance (uncorrected) > 50ml/min
0 Plasma bilirubin, ALT and AST < 2 x the upper limit of normal
(ULN). (5 x ULN allowed for transaminases in the context of liver
metastasis.
0 INR<1.1(orif on 1Img warfarin < 1.5)
0 Potassium and magnesium within normal ranges
e All>grade 1 toxicity (except alopecia) from prior therapy resolved.

e Capable of giving written informed consent

3.3.5.2 Exclusion Criteria

e At risk of cardiac complications: a prior history of angina, myocardial
infarction, congestive heart failure, non-controlled atrial arrhythmias or
clinically significant arrhythmias, uncontrolled hypertension (> 150/100
irrespective of medication) or an abnormal ECG.

e Medication that prolonged the QTc interval, anti-coagulants (excepting
1mg warfarin for tunnelled central lines) or naproxen.

* Pregnancy, breast feeding or inability to use contraception.

e Previous curative doses of radiotherapy to thorax or abdomen at any
time or post-operatively to the pelvis due to risk of perforation. Pre-
operative radiotherapy to rectum allowed if that section of bowel then
removed.

e Serious non-malignant systemic disease: uncontrolled infection,
hepatitis B and C, HIV, auto-immune disorders, inflammatory bowel

disease or moderate to severe peripheral neuropathy.
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Major surgery in the preceding 3-4 weeks or anti-cancer therapy in the
past 4 weeks (excluding palliative doses of radiotherapy to non-target
lesions).

Presence of brain metastases

Any additional active malignancy excluding adequately treated in situ
carcinoma of the cervix, uteri, basal or squamous cell cancer of the skin.

Positive HAMA or an allergy to iodine or mouse proteins.
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3.3.6 Pre-trial investigations

All assessments were performed within in the time-scales in Table 3.4.

Table 3.4 Pre-trial investigations

Date pre- | Nature of investigation
therapy

Within 12 | Blood taken for HAMA
weeks

Within 4 weeks
(preferably

within 2)

Written informed consent
CT and if required MRI for disease assessment

FDG-PET and blood glucose

Within 2 weeks

Tumour markers in serum (CEA and CA19-9 (carbohydrate

antigen), thyroid function (TSH and free T4 (thyroxine)

Within 1 week

Medical history (symptoms, vital signs, urinalysis, body
surface area, performance status and physical examination)
Assessment of drug history

Basic investigations; ECG, CXR (Chest X-ray), creatinine
clearance.

Blood tests (haematology*, biochemistry** and clotting***).

Register with Cancer Research UK Drug Development Office

Haematology: haemoglobin, white cell count, lymphocytes, neutrophils, and platelet count.

** Biochemistry: electrolytes, urea, creatinine, urate, total protein, albumin, bilirubin, AST, ALT,

ALP (alkaline phosphatase), GGT, glucose and magnesium

*** Clotting includes PT, INR and APPT

3.3.7 Trial follow-up

Patients were followed up for a minimum of 8 weeks or until trial-drug related

toxicity had resolved (see Table 3.5). Potassium iodide was administered from
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day -2 until day 11 (50-60mg three times a day) to protect the thyroid gland
from radioactive iodine uptake. DCE-MRI was performed at 48 and 24 hours
prior to initial CA4P and 4 hours after. Pharmacokinetic data was collected for

131_A5B7 infusion. Patients

CA4P on its initial administration and day 1 after
remained as in-patients until determined safe for discharge by the radiation
protection team. Whilst they remained in-patients daily SPECT scans were

performed.

Table 3.5 Follow-up protocol

Protocol for follow-up Nature of investigation

post discharge

Weekly Clinical assessment (examination, vital signs, physical
examination and performance status)
Basic investigations including ECG,

Blood investigations (haematology and biochemistry)

Day 32 and day 53 Tumour markers, thyroid function, HAMA estimation
Day 29 and day 57 Disease response assessment by CT and MRI if required
Day 18, 29 and 57 Disease response by FDG-PET

3.3.8 Toxicity

Toxicity was graded using the National Cancer Institute Common toxicity criteria

(CTC) (version 2). The highest grade in any one particular cycle was recorded.

3.3.8.1 Definition of a Dose-limiting toxicity

A DLT was defined as a toxic event, almost certainly or probably drug related.
Any grade 3 or 4 toxicity was defined as dose-limiting, excepting hair loss, grade
3 nausea, grade 3 or 4 vomiting or diarrhoea in patients not adequately
supported. Additional DLTs specific to CA4P were cardiac (detailed below) and

grade 2-4 neurotoxicity. Any death thought to be drug-related was also a DLT.
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Haematological dose limiting toxicities

« Grade 4 neutropenia (< 0.5 x 10°/1) for > 5 days

e Grade 3 or 4 febrile neutropenia; fever > 38.5°C and a neutrophil count
<1.0x10%/I

» Grade 3 or 4 thrombocytopenia (platelet count < 50 x 10°/L)

e Grade 3 or 4 anaemia (Haemoglobin < 8.0 g/dl)

Cardiac dose limiting toxicities (specific for CA4P / not necessarily CTC criteria)

e QTc prolongation of > 500 msec on ECG

e Grade 2, 3 or 4 ventricular arrhythmia; second or third degree AV block,
severe sinus bradycardia (< 45 bpm) or tachycardia (>120 bpm),
persistent supraventricular arrhythmia (e.g. atrial fibrillation or flutter)
lasting for > 24 hours, ventricular tachycardia (> 9 concurrent beats / any

length of torsades de pointes) or unexplained recurrent syncope.

3.3.8.2 Definition of maximum tolerated dose (MTD)

The MTD was the dose at or below that where DLT’s were found to occur.
Toxicity was considered manageable at this level, acceptable and generally

reversible.

3.3.9 Response Assessment

All patients who received 1 cycle were assessed for response with CT at 4 and 8
weeks post therapy (RECIST criteria). FDG-PET was performed in selected

patients’ pre-therapy, at 2-4 weeks and 8 weeks post therapy. An ADAC Vertex
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Plus Dual Head Co-incidence camera hybrid SPECT/PET camera (Phillips-ADAC,

Eindhoven, Netherlands) was used.

Analysis was with an iterative threshold based region growing program (251).
The methodology for image acquisition and analysis were described in Chapter
2. A partial response was defined as a 15% or greater reduction from baseline;
progressive disease was an increase of > 10% and stable disease between those

two limits. These ranges have been validated in solid tumours (251).

3.5.10 SPECT and dosimetry data

SPECT scans were performed at 4, 24, 48 and 72 hours post administration of
1311_A5B7 with the hybrid SPECT/PET camera. ROI based analysis was performed
on both tumour and normal tissues and used to calculate dosimetry as

previously described in Chapter 2.

3.5.11 Vascular parameters with DCE-MRI

All patients had DCE-MRI to assess tumour blood flow. Gadolinium
diethylenetriampentaacetate (Gd-DTPA) (Magnevist) was used as a contrast
agent whilst a dynamic series of T1 weighted images were acquired. Gd-DTPA is
a paramagnetic agent that enhances MRI signal intensity in proportion to its
concentration. The rate of leakage of Gd-DTPA into the extracellular space can
be described with a compartmental model (273). In the leaky, tumour-
associated blood vessels Gd-TPA diffuses more easily and quickly into the
tumour extracellular space. Rapid uptake with high levels of enhancement over

time is consistent with perfused tumour (125).
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2 and initial area under the

Results can be quantified using two methods; K
Gd-DTPA contrast agent time curve (IAUGC) (274). K™ is the volume transfer
constant between blood plasma and the tumour extracellular space. It reflects
both tumour blood flow and permeability. In a rat model CA4P led to a

" 3t 1 and 6 hours post administration,

statistically significant fall in K
compared to baseline. No difference was seen in a control group injected with

saline (275).

Rustin et al considered DCE-MRI in 21 patients treated with CA4P and
demonstrated reproducibility between 2 scans prior to therapy and a significant

trans

mean reduction in K"°" at 4 and 24 hours in patients receiving at least 46.8 (52)

mg/m? or greater . No significant reductions were seen in muscle K™ (274).

Based on these studies (265, 274) patients had two MRI scans prior to study
entry, to derive a baseline value and assess intra-patient variability. DCE-MRI

was then repeated 4 hours post using a 1.5T Siemens Symphony scanner.

3.5.12 Pharmacokinetics

Pharmacokinetics for the CA4P administration, were taken with the initial
administration of CA4P 1-2 weeks prior to the administration of the 131_A5B7.
Due to radiation safety concerns no further pharmacokinetics were taken for

the CA4P administrations on Days 3 and 4 post 131

I-A5B7 to exclude any
interaction with the RIC. No interaction was expected to occur with the VDA

pharmacokinetics.

Peripheral blood was taken pre-initial administration of CA4P and then at 5, 30
and 45 minutes and 1, 2 and 4 hours. It was kept at 4°C and centrifuged within
30 minutes (3000 rpm for 10-15 minutes). The plasma was stored at -70°C. The

analysis used non-compartmental models to produce the maximum observed
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plasma concentration (Cmax), time to reach Cmax (Tmax) and the area under
the plasma concentration curve (AUC) and terminal elimination half-life (T/half).

The same values were calculated for CA4.

Blood (1ml) was taken pre-administration of 131 _A5B7 and at 5 minutes, 4, 24,
48, 72 and 96 hours post infusion and stored in the radioactive storage area
until safe to analyze. A Packard Cobra 11" series Auto gamma counter was
used to measure 3! activity and decay correction applied to calculate the %

injected dose/kg blood at each time point.

3.5.13 Immunogenicity

HAMA was tested pre-study entry and on days 32 and 53. Peripheral blood was
centrifuged at 3000rpm for 10-15 minutes and serum separated into a second
tube. It was divided into 2 aliquots with 1 analyzed immediately using a
standard ELISA protocol against positive and negative controls and the other

stored at -70°C.

3.6 Results

3.6.1 Patient Characteristics

Between January 2004 and April 2007 88 patients were screened and 12
patients were recruited. The commonest reason for not entering a patient was
their unsuitability for assessment by DCE-MRI (19 patients), patient refusal (11
patients), a negative CEA or a serum CEA value > 1000 (9 patients) or a WHO
score > 1 (9 patients). Of those patients recruited 11, had primary colorectal
cancer and 1 primary pancreatic cancer. Other characteristics are detailed in

Table 3.6.
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Table 3.6 Patient Characteristics

Patient Characteristics No patients
Number of patients treated 12
Sex

Male 7
Female 5
Age

Median (range) in years 64 (32-77)
Primary Tumour site

Colorectal 11
Pancreas 1
Performance Status (WHO)

0 6
1 6
Number of patients previously treated

with

Biological therapy 1
Radiotherapy 3
Chemotherapy 12
Surgery 12
Number of patients receiving ‘x’ prior
regimens of chemotherapy

1 3
2 6
3 2
4 0
5 1
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3.6.2 Administered activity received

Although the starting doses of both agents were lower than the MTD defined by

single-agent studies, two dose-limiting events occurred in the first cohort. Both

were myelosuppression and attributed to the RIT component. Consequently the

dose of RIT was de-escalated but the dose of CA4P increased to levels that

previously had been demonstrated to reduce tumour blood flow. In this second

cohort a further 3 episodes of dose-limiting toxicity occurred and the study was

terminated. A full summary of doses and injected activities administered are in

Table 3.7.

Table 3.7 Injected activities / doses administered
Patient Dose 131-1-A5B7 | CA4P No 131I- No CA4P No DLT
Number Cohort (MBg/m2) | (mg/m2) A5B7 infusions
infusions
1 1 4 DLT
2 1 5
3 1 4
1 1800 45
4 2 16
5 1 6
6 1 10 DLT
7 1 3 DLT
8 1800 1 8 DLT
9 1 3
2 54
10 Not given 0 1
11 1 5
1600
12 1 7 DLT
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3.6.3 Toxicity

All adverse events are described in Table 3.8 with episodes of grade 3 and 4
toxicity given in greater detail in Table 3.9. In the first cohort 2 patients
developed grade 4 neutropenia for > 5 days (20 and 7 days respectively).
Neither patient became septic although one had cellulitis around the site of a

previous paracentesis.
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Table 3.8 Summary of all toxicities encountered
Toxicity occurring in 4 or more patients is highlighted in bold

Number of Patients (n=12)

All toxicity determined to be drug related

A5B7 related CA4P related Attributed both
Allergic reaction 2 2
Bone marrow
Anaemia 7 0 1
Lymphopenia 7 2 1
Neutropenia 9 0 1
Thrombocytopenia 10 0 0
Cardiovascular
Sinus Bradycardia 0 5 0
Sinus Tachycardia 3 5 0
Cardiac Ischaemia 0 2 0
Prolonged QTc interval 0 1 0
Hypertension 5 7 0
Hypotension 0 4 0
Coagulation
Prolonged APTT® 0 0 2
Prolonged PT 0 0 2
Constitutional
Fatigue 0 2 1
Fever 5 6 0
Rigors / Chills 3 1 0
Endocrine
Low TSH* 1 0 0
Hypothyroidism 1 0
Gastrointestinal
Anorexia 0 1 0
Constipation 0 0 1
Diarrhoea 1 1 0
Nausea 1 5 1
Stomatitis 0 1 1
Vomiting 0 2 1

138




Hepatic

Raised ALT® 0 1 0
Raised Alkaline Phosphatase 0 1 0
Raised GGT* 0 1 0
Hypoalbuminaemia 0 1 0
Neurological

Ataxia 0 1 0
Pain

Tumour Pain 0 4 0
Non-tumour Pain 0 5 1
Renal / Genitourinary

Urinary Frequency / Urgency 0 2 0

® Activated Partial Thromboplastin time, b Prothrombin,  Thyroid Stimulating hormone

¢ Alanine Aminotransferase, ° Gamma glutamy! transpeptidase

Table 3.9 Grade 3 or 4 toxicities

Patientno | DLT Onset Duration Comment
1 Grade 4 neutropenia | Day 51 1 month Cellulitis at
> 5 days paracentesis site
6 Grade 4 neutropenia | Day 31 7 days Remained well
> 5 days
7 Grade 3 ataxia Day 1% CA4P 3 days Steroid with
subsequent
CA4P
8 Grade 4 neutropenia | Day 31 7 days Remained well
> 5 days
12 Grade 4 neutropenia | Day 30 and day 8 and 6 days Remained well
> 5 days 39 respectively
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In the second cohort 2 patients developed grade 4 neutropenia for > 5 days (7
days, then 8 and 6 days in the same patient). There was 1 episode of grade 3
ataxia occurring within 24 hours of CA4P and continuing for 3 days. Subsequent

infusions for that patient were pre-medicated with dexamethasone.

Cardiovascular toxicity included hypertension, hypotension, sinus bradycardia
and tachycardia. Hypertension tended to be mild and self-limiting and only 1
patient required therapy due to associated grade 2 cardiac ischaemia. Tumour
site pain post CA4P occurred in 4 patients with a median time to onset of 72
minutes (range 45-177 minutes). Median duration was 60 minutes (5-240
minutes). Mild nausea was common and occurred in 5 patients post CA4P

administration. Two patients had mild allergic reactions to **I-A5B7.

3.6.4 Response Data

Ten patients were evaluable for response on days 29 and 57. Seven patients had
early progression by day 29; two had stable disease at day 29 but progressed by
day 57. Patient 4 had stable disease at day 57 and received a second cycle of
B31_A5B7 prior to subsequent progression. Patient 6 had a minor response in an

iliac lymph node with a fall in CA19-9 from 10507 on day 1 to 2033 IU/ml.

As part of response assessment 4 patients had BE_FDG-PET performed.
Response assessment analysis was performed by visual analysis (blinded to
patient identity and scan order) and by semi-quantitative analysis (Table 3.10)
(251). All 4 patients assessed with FDG-PET had progressive disease at 4 and

then 8 weeks. There was good correlation between FDG-PET and CT.
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Table 3.10 Response assessment using FDG-PET semi-quantitative analysis
The semi-quantitative analysis assumes the baseline value is 100 and all the subsequent scans

are compared to that baseline value. Due to clinical progression there was no day 57 scan on

patient 11.

Patient No Pre treatment Day 29 scan Day 57 scan
2 100 128 237
3 100 192 243
9 100 393 1002
11 100 214

3.6.5 Dosimetry Data

Nine patients had serial SPECT imaging performed for dosimetry. Patient 3 had

131

no 4 hour scan, patient 10 did not receive ~“"I-A5B7 and patient 12 only had 1

131
f

scan performed. Patient 4 had two cycles of ~“"I-A5B7 and data was collected for

both treatments.

Figure 3.1 shows the percentage of injected dose per kilogram in both normal
organs and tumour. It demonstrates evidence of retention in tumour over time
in contrast to normal organs. Figure 3.2 and Figure 3.3 show the median
absorbed radiation doses to normal organs and tumour respectively. The two
graphs are not directly comparable, as the tumour-absorbed doses do not
incorporate radiation doses from surrounding organs due to the limitations of
the dosimetry program and the lack of co-registered SPECT and anatomical
imaging. The absorbed dose to tumour is a relative under-estimation. In
patients 5, 6, 8 and 9 radiation doses in tumour are higher than that found in

normal organs (excluding lungs).
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Figure 3.1 Normal organ and tumour % injected activity / kg
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Figure 3.2 Median absorbed radiation doses to normal organs
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Figure 3.3 Median absorbed radiation dose to tumour
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3.6.6 Pharmacokinetics

Pharmacokinetic analysis was performed for both CA4P and **'I-A5B7. The CA4P
data was obtained after the 1* infusion and included both CA4P and its
metabolite CA4. The conversion of CA4P to CA4 occurred rapidly with an initial
half-life of < 10 minutes. CA4 itself was then cleared from the plasma with a
terminal half-life of 2 hours. Over the relatively narrow dose-range of CA4P in
this study the clearance, half-life and volume of distribution were independent
of the dose received, whereas peak concentration and the AUC were related to
dose. These results are consistent with previous studies (265, 266).

f 1*11-A5B7 could be modelled using a bi-

In 9 patients, the blood clearance o
exponential model. Patient 10 withdrew prior to RIT administration, patient 11’s
data did not fit this model and patient 12 had too few data points. In the 9
evaluable patients an initial rapid clearance was observed with a second slower
phase. As the parameters of the model varied widely between patients the time
taken to fall to 50% and 90% was calculated; this was a median of 0.8 hours
(range 0.3-17.5 hours) and 46 hours (range 2-77 hours) respectively. The
clearance is faster than previously reported (94). It is likely the previous mono-
exponential model was due to an initial rapid early phase being missed. If the

second clearance phases are compared the results are broadly similar; a range

of 9.4-28 hours in this study and a mean of 28.6 hours in Lane et al (94).
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Table 3.11 Pharmacokinetic data for CA4P at two dose levels

Patien | Dose | CA4P,., | CA4P | cA4P | cA4P CL | Vss | CA4,., | CAG | T, | CAS
t Ty Ty AUC Ty AUC
pmol. pmol
mg/m’ [ uM h**x [ p*x [ bt Lht | uM [ h** | h | hI?
2 45 238 | 013 | 054 10.1 | 18.0(3.91| 213 [260 03 | 2.51
3 45 131 | 0.06 |0.064 | 434 |[343[408| 281 [160 02 [ 1.75
4 45 221 | 009 [ 030 | 674 |363]548| 1.63 [4.00] 02 | 2.15
5* 45 279 | 008 [ 028 | 702 [309]495| 173 [220] 0.2 | 1.96
6 45 27.8 01 | 062 | 788 [276|504| 541 [081 03 | 4.04
Mean 229 [ o0.09 [ 036 [ 7.22 29 |47 | 274 [224] 0.2 | 2.48
0.0
6.05 [ 002|022 208 |72]07]| 15 |119 0.91
SD 2
7% 54 289 [ 009 | 060 | 891 | 00 [000| 139 [2.00] 0.3 | 2.04
8* 54 306 | 010 [ 039 | 88 [284]554| 411 [190] 03 | 3.10
9 54 318 [ 007 [ 030 | 797 |266]392] 297 [320] 03 | 4.14
10* 54 353 [ 006 [ 030 | 843 [36.2]505| 423 [160] 02 | 2.67
11% 54 2869 | 009 [ 045 | 809 [371]644]| 470 [1.60] 02 | 4.65
12 54 305 | 016 [ 0.67 104 [255(734| 128 [1.20( 0.2 [ 1.39
Mean 310 | 0.09 [ 045 [ 8.78 26 |47 | 311 [1.92] 0.2 | 3.00
0.0
© 2.4 0.03 | 0.15 | 0.88 13 | 2.6 | 149 |0.69 , 1.24

+ 18 min infusion, * extrapolated back to end of infusion from fit, ** terminal half-life, *** initial

half-life, § Data from patient 1 missing due to contamination of samples

AUC; area under the plasma concentration curve, CL; clearance, Vss; steady-state volume of

distribution, Ty. time to reach Cpax
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Table 3.12 Pharmacokinetic data for *'I-A5B7

Dose level Patient Ao, Aop Tya Tup 50.0% | 10.0%
#Habelled | number (%ID/kg) | (%ID/ke) | (h) h |t | o
1-A5B7
(MBqg/m’)
1800 1 25.3 12.0 0.4 11.5 0.6 19.4
1800 2 11.5 9.2 0.2 21.5 0.5 46.0
1800 3 72.9 21.3 0.9 14.9 1.2 17.5
1800 4 87.3 11.6 0.3 9.4 0.3 2.0
1800 5 6.6 11.6 9.3 26.6 17.5 71.0
1800 6 23.3 14.7 0.4 28.0 0.8 54.5
1600 7 8.6 10.6 10.0 23.0 15.0 59.0
1600 8 38.5 4.6 0.4 22.3 0.5 3.0
1600 9 4.3 12.2 1.3 26.8 15.0 77.0
Median 0.8 46

Ay, amplitude of the 1% component of the bi-exponential clearance model, Ag, amplitude of the 2"
component of the bi-exponential clearance model, Ty, Half life of the 1% component of the bi-
exponential clearance model, Ty, Half life of the 2nd component of the bi-exponential clearance model,
%ID/kg; Percentage of injected dose per kilogram, 50% and 10% time taken for the modelled activity

to fall to 50 or 10% of it’s initial value.

3.6.7 Dynamic contrast enhanced MRI

Patients had two MRI’s scans prior to study entry to assess intra-patient
variability and a further MRI 4 hours post CA4P to study vascular change. In all,
30 lesions were analyzed. By visual examination 9 lesions had a reduction in
central enhancement at 4 hours. By objective measurement 3 patients (patients

6, 7 and 10) had a significant or borderline reduction in both IAUGCgo and K™,
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Of the individual lesions assessed 3 of 30 had a significant or borderline

reduction in IAUGCg and 5 of 29 had reductions in K" (see Figure 3.4).

Figure 3.4 Change in K trans with CA4P dose
Values outside the 95% confidence interval (Cl) can be considered significantly different

% Change

95% CI repeatability

-100 4
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-120 -

The differences can be explained by tumour mobility and non-uniform
reductions in central enhancement being easier to assess visually than
objectively. The degree of responsiveness to CA4P was highly variable but less
so if lesions in a single patient were considered. As the dose was increased to
54mg/m” a trend was demonstrated towards a greater reduction in tumour

blood flow.

3.6.8 Immunogenicity

Nine patients developed HAMA after the first treatment with *!I-A5B7. The one

re-treated patient (patient 4) became HAMA positive afterwards. Of the 2
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remaining patients: patient 12 did not have a post-treatment measure and

patient 10 did not receive any **'I-A5B7.

3.7 Conclusions and Discussion

The A5B7/CA4P study explored the combination of RIT with a VDA and has
subsequently been published (276). The combination was considered rational
due to the differing methods and sites of action within a tumour, as RIT targets
the tumour rim and CA4P the poorly perfused centre (124). It was supported by
the success of this combination in eradicating colon carcinoma xenografts in an
animal model (123). The scheduling of CA4P 48 hours post *'I-A5B7 was
designed to increase the RIC retention in tumour and was based on previous

work, which demonstrated trapping up to 96 hours post (123).

Although the toxicity profiles were thought to differ and the selected starting
doses were below the MTD’s from the single agent studies (265-267), dose-
limiting myelosuppression occurred in the first cohort. This myelosuppression
recurred despite a subsequent dose reduction to 1600 MBg/m?, considerably
lower than the single-agent MTD of 2400 MBg/m? (94). This excess toxicity
cannot be explained by an increased red marrow absorbed dose as doses were
similar between the two studies at 0.028 cGy/MBq in Lane et al (94) compared
to 0.01cGy/MBg in our study. In addition no difference was seen in the

pharmacokinetics between the two studies to explain such increased toxicity.

An alternative explanation would be that CA4P has an additional cytotoxic effect
similar to other microtubule-binding agents (277) that combined with radiation
exposure led to a synergistic toxicity to bone marrow. However the single agent
studies of CA4P have not demonstrated myelosuppression even at the highest
doses of 114 mg/m?. Two studies combining chemotherapy (paclitaxel and

carboplatin) with CA4P did not show an increased risk of myelosuppression
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(278, 279). One study did show an increased risk, when the chemotherapeutic
(here carboplatin) was administered 1 hour prior to low-dose CA4P (36mg/m?)
(280). This increased toxicity was attributed to a temporary reduction in renal

blood flow secondary to CA4P, resulting in an impaired carboplatin clearance.

Alternatively it could represent the more heavily pre-treated patient group now
than in the earlier phase | study by Lane et al (94). When that study was
completed fewer chemotherapeutics were available as standard therapy with
most patients having none or 5-FU (5-Fluorouracil) alone. In our study 9 of 12
patients had 2 or more lines of chemotherapy with a subsequent loss of bone

marrow tolerance.

The sample size in this study was too small to assess for efficacy. It was
disappointing that no patients had objective responses as seen in the original
study by Lane et al (94) of single-agent RIT. This lack of response may be a true
indicator of lack of efficacy or due to the more heavily pre-treated patient group
or simply reflect the cohort size. Of note the percentage injected activity/kg in
tumour in our study was lower than in the single agent study (94) with values of

2.15% at 4 hours versus 4.4% at 4.25 hours in Lane et al (94).

One patient did achieve a minor response with a corresponding decrease of
CA19-9 from 10,507 1U/ml to 2,033 IU/ml. This patient had both the highest
absorbed tumour radiation dose and a significant decrease in IAUGC post CA4P,
being the only patient to have a significant biological response to both agents.
The majority of patients failed to demonstrate adequate vascular shut down on
DCE-MRI, possibly due to the relatively low dose of CA4P administered. Patient
10, who did achieve the highest K" recorded, unfortunately did not proceed

to the RIC due to severe tumour pain secondary to CA4P.
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Scheduling is vital when combining RIT with other agents to minimise toxicity
and ensure maximum efficacy. The CA4P was given at 48 hours post RIT to
ensure trapping of the RIC in tumour as anticipated by previous animal work
(123). CA4P administration prior to RIT is thought to prevent the RIC accessing
tumour reducing any likely benefit as occurred when cisplatin was given post-
CA4P (281).

131_A5B7 to assess

In our study CA4P was administered 1-2 weeks prior to
pharmacokinetics. As blood flow had previously been shown to normalise 24
hours post-CA4P (262) it is unlikely this administration could impede tumour
uptake of the RIC. In support of this no relationship existed between the extent
of vascular shut down on DCE-MRI and subsequent tumour uptake determined

by dosimetry. The patients with the greatest disruption of blood flow on DCE-

MRI did not have a reduced tumour absorbed dose after *'I-A5B7.

Our study demonstrated ***I-A5B7 did specifically target tumours. Tumour
uptake was relatively low at 4 hours compared to normal organs but higher at
68 hours, a pattern consistent with the slow uptake of a whole antibody.
Tumour localisation was lower than in the single agent *!1-A5B7 study (94). This
may be due to loss of CEA antigen expression in this more heavily pre-treated
group of patients. Uptake to normal organs, excepting lung, remained low (< 0.3
mGy/MBgq). The apparent high absorbed dose to lung may be due to difficulties
in attenuation correction in the thorax, a heterogeneous uptake due to the

inclusion of blood vessels or the proximity to the heart.

Tumour absorbed dose was likely to be under-estimated in our calculations. For
target organs the dose from neighbouring organs is included but this was not
possible for tumours where only the self-dose was calculated. Co-registration of
SPECT with CT, to allow accurate delineation of size, shape and relative position

of the organs and tumour will be important in future. In addition tumour uptake

150



is known to be very heterogeneous whereas estimated dosimetry calculations
assume uniformity. That assumption means dosages to the well-perfused viable
area of tumour may be under-estimated. Even with these caveats the tumour

absorbed dose in 4 patients was higher than in all normal organs excepting lung.

In conclusion, the combination of RIT and a VDA was found to be unexpectedly
toxic and no objective responses were seen. In one patient (patient 6) who
experienced both a reduction of blood flow on DCE-MRI secondary to CA4P and
a higher than average tumour absorbed dose on dosimetry there was evidence

of efficacy with a fall in tumour markers and a minor radiological response.

Improvements in the delivery of RIT and the potency of the VDA may enhance
efficacy. Possible improvements include the use of humanized antibodies to
allow repeat dosing, antibody fragments such as minibodies, diabodies or scFv’s
(45) and more potent VDAs such as DMXAA (269). In addition RIT may be
directed against better targets such as the more accessible tumour vasculature

(282).
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Chapter Four: Biomarkers for Vascular Disruptive Agents

In the Introduction | discussed the need for an adequate biomarker to assess
the degree of vascular shut down induced by the Vascular Disruptive Agents. A
biomarker would ensure that the optimal biological dose is used to generate
maximal vessel shut-down and would enhance the integration of the two
therapeutic modalities more successfully. | have discussed imaging methods of
assessing vascular shutdown, particularly DCE-MRI and PET-CT and considered
their advantages and disadvantages. Finally | considered using serum angiogenic
cytokines. These have the advantages of being simple to obtain allowing serial
measurements and having quantitative validated methods of analysis that

should be possible in standard laboratories.

In this study | decided to investigate four angiogenic cytokines, VEGF (Vascular
Endothelial Growth Factor), Angiopoietin 1 and Angiopoietin 2, Erythropoietin
and basic Fibroblast Growth Factor (bFGF or FGF2). In this chapter | shall initially
summarise the physiological role of cytokines in normal angiogenesis before
considering each cytokine individually and their role in HCC and post-TAE since
this is the model | intended to use. | shall then present the results of assessing

angiogenic cytokines in the context of HCC.

4.1 The role of angiogenic cytokines in angiogenesis

4.1.1 Physiological

Physiological angiogenesis is a tightly regulated process that allows vascular
remodelling to occur under the influence of a variety of cytokines. It can either
be sprouting or non-sprouting (283). Non-sprouting angiogenesis occurs by

vessel splitting via trans-capillary pillars. Sprouting is shown in Figure 4.1. After
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pericyte removal secondary to angiopoietin-2 (Ang-2), vessels become leaky
with extravasation of proteases. The basement membrane and interstitial
matrix dissolves leaving the endothelial cells exposed to cytokines such as VEGF.
Endothelial cell proliferation occurs and migration towards angiogenic stimuli
with lumen formation. The pericytes are then replaced under the influence of

Angiopoietin-1 (Ang-1) to stabilise the new vessel.

Figure 4.1 Physiological Angiogenesis

Physiological angiogenesis (adapted from Bach et al 2006) A B, Integrin,
VEGF, FGF
Ang-2 VEGF, FGF, EGF
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a) Ang-2 binding to Tie2 on endothelial cells (EC) with subsequent pericyte and
smooth muscle removal

b) EC proliferation occurs secondary to cytokines such as VEGF

c) Cell migration occurs secondary to cytokines such as FGF

d) Tube formation

e) Mesenchymal cells are attracted to the ablumenal side of the vessel

f)  Cells are induced to differentiate into pericytes

g) Vessel stabilisation. VEGF and Ang-1 are survival factors for EC’s
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4.1.2 Pathological angiogenesis

Angiogenesis is vital for tumours to develop beyond 1-2mm?® and to allow
invasion and metastasis (284). Pro-angiogenic cytokines are either secreted by
the tumour or secondary to tumour hypoxia or change in pH. For example the
presence of Angiopoietin-2 in the absence of VEGF leads to tumour vessel
regression. Subsequent tumour necrosis and hypoxia generates VEGF secondary

to HIF-1a and the combination with Angiopoietin-2 causes rapid angiogenesis.

Tumours may also co-opt existing vasculature or use vascular mimicry where
tumour cells act like endothelial cells (285). Endothelial progenitor cells may be
recruited from the bone marrow and localise to tumour vessels. The result of
this chaotic angiogenesis is a more disorganised vasculature with areas of

inadequate blood supply (286).

4.1.2.1 The angiogenic switch hypothesis

This hypothesis considers that the absolute level of any one cytokine is less
important than their relationship to other cytokines. When pro-angiogenic
cytokines exceed anti-angiogenic ones, there is a ‘switch’ in the system and
angiogenesis is favoured. This switch is thought to be essential to the malignant

process (287).

4.2 Vascular endothelial growth factor (VEGF)

The first angiogenic cytokine to be discovered was VEGF. The protein was
identified in 1983 and initially called ‘vascular permeability factor (VPF)’ due to
its role in increasing vessel leakage (288). It was cloned independently by two

separate groups (289, 290) and renamed VEGF.
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4.2.1 Structure

The VEGF family consists of 6 secreted glycoproteins named VEGF A to E and
placental growth factor (PIGF) 1&2 (284). Different isoforms are produced by
alternative splicing. Shorter isoforms tend to be secreted whereas the longer
are sequestered in the extra-cellular matrix, from where they can be activated
by proteases. The commonest isoform is VEGF;g5 which exists in both a soluble

and extracellular matrix bound form (287).

VEGF acts via 3 tyrosine kinase receptors and neuropilin-1 and 2. VEGFR-1 (FIt-1)
and VEGFR2 (KDR or Flk-1) share 44% homology and are predominantly involved
in angiogenesis (287). They are located on endothelial cells and various
haematopoietic cell lineages. VEGFR-3 (Flt-4) is predominantly involved in

lymphangiogenesis (287).

4.2.2 Function

VEGF is a pivotal protein in angiogenesis and vasculogenesis. Its inactivation in
mice leads to early embryonic lethality (291). Post-utero VEGF-A appears
necessary for wound healing, ovulation, menstruation, pregnancy and
regulation of blood pressure (287). VEGF-B is thought to be redundant; its loss
causes no defects in embryogenesis. VEGF C&D are necessary for

lymphangiogenesis whilst VEGF-E is exclusively a viral protein (287).

VEGF release is regulated by various genes (e.g. Ras), transcription factors (e.g.
HIF) growth factors and cytokines (e.g. IGF-1). Activation of VEGF triggers
endothelial cells to proliferate, survive, migrate and differentiate, vascular
permeability is enhanced and protein extravasation promoted from blood
vessels (284) as well as mobilisation of endothelial progenitor cells from bone

marrow.
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4.2.3 Tumour expression of VEGF

VEGEF is over-expressed in many tumours. Expression is greatest next to areas of
necrosis (292), in malignant cell cytoplasm and on associated endothelial cells.
High expression correlates with a poorer prognosis and the presence of late
stage disease in many cancers including lung, breast, colorectal, gastric,
pancreatic, HCC (Hepatocellular cancer), prostate and ovarian cancer (284). In
some cancers it is an independent prognostic factor for survival (293) whilst no

relationship was found in others (292).

4.2.4 Secreted VEGF

VEGF is found in higher concentrations in the serum or plasma of cancer
patients than in healthy individuals (294). It is thought to be tumour-derived as
levels fall post surgical resection (294). The level of secreted VEGF have been
found to correlate with a poorer prognosis and an advanced stage of disease
(284, 295) in breast, small cell lung (where it was an independent prognostic
factor), non-small cell lung, colorectal, gastric, HCC, prostate, bladder, renal cell

and ovarian cancer (284).

High VEGF levels have predicted a poorer response to chemotherapy (296),
radiotherapy and immunotherapy (297). Human circulating VEGF falls on
tumour resection, with some evidence of a rise on relapse (284). In gastric
cancer VEGF levels could distinguish between a partial response and progressive

disease (298).

However other studies have not confirmed that VEGF correlates with prognosis
and in many tumour types, including ovarian cancer, the data remain
contradictory (299) with little consensus as to the value of VEGF. In HCC a

recent meta-analysis of 8 studies found did predict a poorer overall survival and
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progression-free survival in patients with an elevated serum VEGF but all but
one of those studies was carried out in the Asian population with a differing mix
of aetiologies (300). Although VEGF levels are higher in advanced disease in
these tumour types (284) it has proved disappointing as a biomarker. Levels of
VEGF are variable and often remain low even in advanced disease. When they
do rise they often rise relatively late in the disease process, making them

unsuitable as a biomarker.

4.2.5 Measuring secreted VEGF — serum or plasma?

Serum VEGF is higher than plasma VEGF as it includes VEGF derived from
platelets during coagulation (284). Platelets are thought to scavenge circulating
VEGF, thereby restricting it to sites of coagulation (e.g. wounds) and preventing
general EPC (Endothelial progenitor cell) recruitment (301). In support of this,
platelet VEGF levels are higher in cancer patients (302) and tumour VEGF
expression correlates well with the platelet-derived VEGF level (301). George et
al used the serum VEGF normalized by the platelet count (303), considering
plasma samples potentially more inaccurate as their lower values were closer to

the limits of detectability by ELISA.

4.2.6 Angiogenic cytokines in HCC: VEGF

In HCC both tumour and tumour-associated endothelial cells over-express VEGF,
the latter also over-express VEGFR-1 (Vascular Endothelial Growth Factor
Receptor) and VEGFR-2 (304). Expression is highest at tumour boundaries (305)
and correlates with MVD and hypervascularity. In animal models stimulating
VEGF led to tumour growth and neo-vascularisation (304). Some human studies
correlated VEGF expression with more invasive tumours and a poorer prognosis
(145) but other did not. VEGF interacts with other cytokines and Moon et al

demonstrated correlation between VEGF protein and Ang-2 mRNA (306).
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Serum and plasma VEGF rise in HCC (307). An elevated serum VEGF predicts a
poorer outcome post resection (308), TACE (trans-arterial chemo-embolisation)
(309) and radio-frequency ablation (RFA) (310). In a meta-analysis, where all but
1 study was in the Asian population, an elevated serum VEGF was associated
with a poorer survival (300). Serum VEGF is an independent prognostic factor
and associated with other poor prognostic factors such as portal vein

thrombosis and advanced tumour stage (307).

4.3 Angiopoietins 1 and 2

Angiopoietins are secreted glycoproteins. Four family members have been
identified (Angl1-4) of which Ang-1 and Ang-2 are the best characterized (311)
sharing 60% homology. They both interact with the Tie-2 (tyrosine kinase with
immunoglobulin and epidermal growth factor homology domains-2) receptor as
competitive inhibitors binding on the same site with similar affinity (311). Ang-1
is an agonist whereas Ang-2 is the antagonist so Tie-2 activation depends on the

relative balance of Ang-1 and Ang-2.

The Tie-2 receptor is almost exclusively expressed on endothelial cells and
haematopoietic cells. As tumour cells express Ang-1 and Ang-2 an autocrine /

paracrine feedback loop may exist (312).

4.3.1 Angiopoietin-1 (Ang-1)

4.3.1.1 Structure of Angiopoietin-1

Alternate gene splicing produces 3 forms of angiopoietin-1 but only one can
activate Tie-2. It exists in a coiled-coil structure allowing dimerization and super-

clustering into heterogeneous multimers. At least 4 subunits are required to
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activate Tie-2 (313) but larger clusters are less effective. The coiled-coil

structure can bind and inactivate other angiopoietins.

Angiopoietin-1 is widely expressed in many cell types and tissues including peri-
endothelial cells (smooth muscle and pericytes), fibroblasts, megakaryocytes

and platelets (311). It is constitutively expressed in healthy individuals (314).

4.3.1.2 Function of angiopoietin-1

Ang-1 has a central role in promoting blood vessel development, remodelling
and maturation, acting in a paracrine manner (315). It enhances endothelial cell
survival, quiescence and maturation, encourages recruitment of peri-
endothelial cells (pericytes and smooth muscle cells) and localization of cell
adhesion molecules leading to vessel stability (316, 317). It reduces vessel
permeability and is anti-inflammatory. In cell line work Ang-1 promotes
endothelial cell migration, tube formation and cell survival but not proliferation

(318).

Knock-out of Ang-1 in mice leads to early embryonic death. Vasculature is
abnormal, lacking complexity and with poor association between endothelial
and support cells (319). Post embryogenesis Ang-1 is thought to maintain the
mature quiescent vasculature. The relationship with Ang-2 appears context
dependent and in the brain Ang-1 appears to increase vascularisation in synergy

with VEGF (320).
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4.3.2 Angiopoietin-2 (Ang-2)

4.3.2.1 Structure of Angiopoietin-2

Angiopoietin-2 also has a coiled-coil structure and a fibrogen like domain found
in other proteins such as fibrinogen and tenascin (311). It interacts with the Tie-
2 receptor in an autocrine manner (314) and its expression is tightly regulated.
Ang-2 is secreted by endothelial cells at sites of vascular remodelling with
secretion induced by shear stress, hypoxia and VEGF release. Ang-2 may be
stored in specialized endothelial-cell granules, the Weibel-Palade bodies and

secreted as required (162).

4.3.2.2 Function of Angiopoietin-2

Ang-2 binds to Tie-2 and prevents Ang-1 from activating it (311). Ang-2 is vital
for vascular remodeling. In the presence of VEGF vascular sprouting and
angiogenesis occur, but in its absence there is vascular regression such as in
atretic follicles (319). Ang-2 generates a destabilized vasculature with

dissociated support cells and greater access for cytokines such as VEGF.

Mice deficient in Ang-2 appear to develop normally in-utero (except those with
C129 genetic backgrounds) but die within 2 weeks of birth (321). Abnormalities
are seen in the neonatal eye and in post-natal lymphatics. Mice with over-
expressed Ang-2 have similar defects (and embryonic lethality) to those with
knocked out Ang-1 or Tie-2 (322). The normal expression of Ang-2 is restricted
post-natally to sites of vascular remodelling, the ovaries, uterus and placenta

(323). Ang-2 levels increase up to 15-fold with hypoxia (324).
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4.3.3 Summary of angiogenic cytokines in various vessel states

Bach et al considered how the effects of a single cytokine depend on the values

of other angiogenic cytokines (325)(see Table 4.1).

Table 4.1 Summary of angiogenic cytokines in various vessel states

Maturation Regression Proliferation
Ang-1 High Low Low
Ang-2 Low High High
VEGF High Low High

4.3.4 Angiopoietins and Cancer

4.3.4.1 Angiopoietin-2

Colorectal and gastric cancer cells transfected to over-express Ang-2 and grown
in nude mice generate larger, more vascular and more invasive tumours that are
more likely to metastasize (325, 326) than controls. Blocking Ang-2 led to
tumour stasis or response (325). Combining Ang-2 with VEGF in a murine model
of HCC decreased apoptosis and increased MMP (matrix metallopeptidase)-2
and 9 rather than enhancing tumour cell proliferation (327). The pro-angiogenic
effect of Ang-2 on tumours appeared more important in early development

than their later stages (328).

Ang-2 expression is elevated in many human cancers (see Table 4.2) including
renal, gastric, breast, angiosarcoma, colon, pancreatic (neuroendocrine and
adenocarcinoma), HCC and NSCLC (Non-small cell lung cancer) (325).
Expression appears greatest in the more vascular tumours and adjacent to areas
of hypoxia and necrosis. The Ang-2 source may be the tumour-associated
endothelial cells rather than tumour cells (314). Its over-expression is often

associated with a more advanced stage and a poorer prognosis.
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Table 4.2 Tumour over-expression of Angiopoietin-2

Tumour type | Association Ang-2 over-expression Reference

Gastric Increased stage and  vascular | Etoh et al (246)

involvement. Poorer survival

Breast Lymph node spread, shorter PFS and | Sfiligoi et al (249)
poorer survival.

Correlated with Her-2 over-expression

HCC Poorer survival, increased MVD and | Mitsuhashi et al (250)
tumour size.
NSCLC Increased stage. Poorer survival | Takanami et al (251)

(especially if high VEGF). Independent | Tanaka et al (252)

prognostic factor

Bladder Poorer survival and worse grade and | Oka et al (253)
stage
Prostate Higher Gleason score, increased risk | Lind et al (254)

of metastatic disease, poorer survival

Colorectal Ang-2 expression higher in metastatic | Tait et al (244)

disease.

* PFS: Progression Free Survival

4.3.4.2 Angiopoietin-1

Ang-1 over-expression in tumour-bearing mice leads to smaller tumours, fewer
and more mature tumour-associated blood vessels with a greater coverage by

peri-endothelial cells and a reduced permeability (325).

Ang-1 expression is highly variable between tumour types and its role in tumour
angiogenesis somewhat controversial (316). Many tumour types express high
levels of Ang-1, which theoretically should reduce angiogenesis and tumour

growth (314, 329, 330). High Ang-1 expression in renal cancer was associated
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with low-grade tumours and a better prognosis. Other studies have found no
differences in Ang-1 expression between tumour and normal tissue (324, 331).
A reduced Ang-1 (and normal Ang-2) expression has been found in ovarian (332)

and colorectal cancer (333).

4.3.4.3 Ratio of Angiopoietin-2 / Angiopoietin-1

As the angiopoietins are competitive inhibitors their ratio might be more
accurate than their individual levels. In HCC a high Ang-2/Ang-1 ratio was
associated with a larger tumour size, portal vein thrombosis and a higher MVD
(334). Anincreased ratio is seen in NSCLC (335), prostate cancer, oral squamous

cell cancer and ovarian cancer (325) amongst others (see Table 4.3).
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Table 4.3 Ratio of angiopoietin expression in tumour tissue

Adapted from Tait et al (244)

Tumour Ang-1 Ang-2 Ratio Reference
Ang2:Angl
Breast Up Up Up Sfiligoi et al (249)
Down Down Up Currie et al (261)
Up Up Not clear Canine et al (262)
HCC No change Up Up Tanaka et al (257)
No change Up Up Mitsuhashi et al (250)
Up Up Up Moon et al (263)
Up Up Up Sugimachi et al (264)
Colon No change Up Up Yoshida et al (265)
No change Up Up Ahmad et al (259)
No change Up Up Ogawa et al (266)
Lung Down Up Up Wong et al (260)
Up Up Not clear Tanaka et al (252)
Up Up Not clear Hatanaka et al (267)
Gastric No change Up Up Etoh et al (246)
Ovarian No change | Up Up Zhang et al (268)
Down No change | Up Hata et al (258)
Melanoma No change | Up Up Pomyije et al (269)
Renal No change Up Up Currie et al (270)

4.3.4.4 Secreted angiopoietins in cancer

Serum angiopoietin-2 levels are higher in many cancer patients than in normal

healthy controls. An elevated angiopoietin-2 is present in ovarian cancer (336),

colorectal cancer (337), gastric cancer (338), cervical cancer (339), melanoma

(340), neuroendocrine tumours (341) and lung cancer (342). It is often

associated with poor prognostic clinico-pathological features and may itself be
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an independent prognostic factor (337). In colorectal cancer patients given
bevacizumab, a low serum Ang-2 was associated with better response rates,
longer progression-free survivals and a reduction of 91% in the hazard of death

(343).

Secreted angiopoietin-1 has been less extensively studied. In many tumour
types it is not significantly different to healthy controls (341, 344, 345). Park et
al found a reduced serum Ang-1 level in lung cancer and a negative correlation
with MVD. An elevated Ang-1 was associated with an improved disease specific

and relapse free survival (342).

4.3.4.5 Angiogenic cytokines in HCC: Angiopoietins

Ang-1 and 2 are expressed in HCC tumour cells with Ang-2 present in the most
poorly differentiated tumours and adjacent to areas of cirrhosis (305, 306, 331,
346). In some studies Ang-2 is higher in HCC cells, in others in the adjacent
cirrhosis (334). Zeng et al reported Ang-2 expression as similar between normal
liver, cirrhotic liver and HCC on a background of cirrhosis (347). The reason for
these discrepant findings remains unclear although it may relate to tumour
heterogeneity with expression profiles of the tumour rim differing from the

hypoxic centre.

Ang-2 expression in HCC correlates with a more aggressive tumour grade,
poorer prognosis (305), an increased vascularity and an earlier recurrence (346).
Ang-1 expression had no impact on prognosis or survival (346). Wada et al
found both Ang-1 and Ang-2 expression were elevated in HCC. Patients with a

high Ang-2: Ang-1 ratio had a worse prognosis and a higher MVD (334).

Scholz et al (348) found serum Ang-2 was elevated in cirrhosis and further

elevated in HCC. The addition of Ang-2 to AFP (alpha fetoprotein) improved the
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diagnosis of HCC in patients with cirrhosis. Serum Ang-2 did not correlate with
clinico-pathological characteristics in this retrospective study, unlike in the

tissue expression data.

4.4 Basic fibroblast growth factor (bFGF)

FGF-2 (basic FGF or heparin binding growth factor-2) belongs to a large family of
18 fibroblast growth factors that are grouped into 6 subfamilies with sequence

homology of 30-50% (349).

4.4.1 Structure of b-FGF

Basic FGF has a core region of 120-130 amino acids in 12 anti-parallel 3—strands.
It contains the heparan sulphate glycosaminoglycan binding site, heparan
sulphate is necessary for successful signaling (350) via trans-membrane tyrosine

kinase receptors (349).

4.4.2 Function of b-FGF

The function of bFGF remains controversial. If the bFGF gene is knocked out in
mice, vascular tone is reduced and there is a weaker response to
vasoconstrictors, with some reduction in cortical neurones (351) but the mice
are viable. bFGF may have a role in inflammation leading to smooth muscle
hyperplasia (352). It causes fibroblast proliferation and can stimulate
angiogenesis by encouraging endothelial cell migration and proliferation, tube
formation and disruption of the basement membrane (353). Basic FGF appears

to act synergistically with VEGF (354).
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4.4.3 B-FGF in cancer

Basic FGF is over-expressed in many cancers (355), including lung, colon, gastric,
pancreatic, HCC, bladder and head and neck (284). In some studies bFGF was
associated with more advanced disease and a poorer prognosis but others
showed no difference (284, 356). An elevated b-FGF may be associated with an
improved prognosis as more aggressive tumours may lose b-FGF-expressing
myoepithelial cells. In ovarian cancer B-FGF appears to promote fibroblast

production and more indolent tumours (357).

Serum bFGF is elevated in some cancer patients and is thought to be tumour
derived (284). Its significance is unclear. In breast cancer no correlation could be
determined between elevated serum bFGF and prognosis or tumour stage
(358). In NSCLC patients on radiotherapy an elevated bFGF was associated with
a better outcome, attributed to more fibrosis (359). Results in colorectal and
prostate cancer were inconclusive (284). Studies in HCC and renal cancer had a
positive correlation between high serum bFGF and advanced stage (284, 360). In
head and neck cancer serum bFGF predicted survival post chemo-radiotherapy
and was an independent prognostic marker (361). In cervical cancer bFGF rose

prior to disease relapse and is being investigated as a biomarker (362).

4.4.3.1 Angiogenic cytokines in HCC: bFGF

bFGF expression is elevated in HCC compared to normal or surrounding liver
(350) and correlates with MVD but not hypervascularity as determined by
angiography (363). Poon et al found a correlation between serum bFGF and risk
of recurrence post resection (364) but this has not been confirmed (365). Serum
bFGF could be correlated with advancing stage in HCC but values were not

different from patients with Cirrhosis alone (360).
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4.5 Erythropoietin

Erythropoietin (Epo) is a glycoprotein hormone (366) produced mainly in the
foetal liver and adult kidney. It acts to regulate the production of red blood cells
by the bone marrow, acting via its specific receptor EpoR (Erythropoietin

receptor).

4.5.1 Structure of Erythropoietin

Erythropoietin is comprised of 165 amino acids. Its receptor is a member of the
type | cytokine receptor super-family that includes receptors for many
interleukins and haematopoietic growth factors (367). EpoR expression is tightly
regulated with its mRNA (messenger ribonucleic acid) having a short half-life of

90 minutes (368).

4.5.2 Erythropoietin Function

Erythropoietin secretion is stimulated by hypoxia (HIF-1 (368)), hypoglycaemia,
intracellular calcium, insulin, oestrogen, androgenic steroids and other
cytokines (369). Erythropoietin stimulates erythroid cells to proliferate and
differentiate into mature cells and reduces apoptosis thereby increasing blood
haemoglobin (370). Mice with the erythropoietin gene knocked out die in-utero
with abnormal liver erythropoiesis, angiogenesis defects and increased
apoptosis of endothelial and myocardial cells (371). Activating mutations cause

a primary erythrocyotosis.

Erythropoietin is expressed on erythrocytes but also stem cells in the embryonic
nervous system, uterus and ovary (372). It may protect cells from ischaemia and
toxic stress (368) via an anti-apoptotic mechanism (373). EpoR is found on

endothelial cells with activation causing endothelial cell proliferation and
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migration in vitro (374). Exogenous Epo can lead to in vivo neo-vascularisation

in chick embryos (375).

4.5.3 Erythropoietin in Cancer

The exogenous administration of erythropoietin in cancer patients increases
haemoglobin levels and improves quality of life (376) but two randomized
studies found patients on Epo had a poorer outcome (377, 378) possibly due to
stimulation of cancer growth. A third randomised study found any stimulatory

effect was only present in tumours that expressed EpoR (378).

An elevated EpoR expression is found in many tumour types as shown in Table
4.4 but expression may not indicate receptor activity. Activity can be
demonstrated by downstream signalling and proliferation secondary to
exogenous Epo. Downstream signalling has been identified in cell lines (379)
although with low levels of proliferation. Blocking signalling in xenografts
reduced tumour vascularity (368), tumour cell survival and angiogenesis but had
no effect on red blood cell formation. EpoR activation has been detected in
melanoma (380), uterine and cervical carcinoma (381). In contrast, four studies
of exogenous Epo in cell lines expressing EpoR found no increase in tumour cell

proliferation (382-385) and no signal transduction.

In patients exogenous Epo improved tumour oxygenation independently of
haemoglobin (386), which may reduce the hypoxic stimulus for cytokine release.
Sensitivity to chemotherapy and radiotherapy increased with no increase in
MVD or tumour growth in animal models (387, 388). Therefore the poorer

results in the randomized studies of exogenous Epo remain controversial.
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Table 4.4 Erythropoietin and Erythropoietin Receptor Tumour Expression

Table adapted from Hardee et al (316). It details whether either Erythropoietin
(Epo) or the Erythropoietin Receptor (EpoR) were found expressed on tumour
cells. The methods used are also identified in column 2. IHC was expressed semi-
guantitatively in these studies.

Primary tumour

Method used

Expression of:

Reference

Breast IHC Epo” and EpoR" | Acs et al (309)
Melanoma IHC Epo” and EpoR" | Kumar et al (310)
Cervical SCC RT-PCR Epo” and EpoR" | Yasuda et al (317)
Cervical ADC RT-PCR EpoR* Yasuda et al (317)
Endometrial IHC Epo” and EpoR" | Acs et al (318)
carcinoma

Ovarian ADC RT-PCR Epo” and EpoR" | Yasuda et al (317)
Gastric ADC IHC EpoR* Ribatti et al (319)
Colon tumour RT-PCR, WB EpoR* Arcasoy et al (320)
Head and neck IHC Epo” and EpoR™ | Arcasoy et al (321)
Lung ADC and SCC RT-PCR, IHC Epo” and EpoR" | Dagnon et al (322)
Prostate ADC IHC Epo” and EpoR" | Acs et al (311)

IHC: Immunohistochemistry;

Western blot

RT-PCR: Reverse transcription polymerase chain reaction; WB:

4.5.3.1 Angiogenic cytokines in HCC: Erythropoietin

In a murine model of HCC erythropoietin expression was higher in tumour cells

than cirrhotic ones and absent in mice with cirrhosis without HCC (372). In

human HCC, Epo and EpoR were strongly over-expressed on tumour-associated

endothelial cells with weaker expression on sinusoidal cells in adjacent cirrhosis

(389). Epo/EpoR expression was found to positively correlate with tumour grade

and vascularity.
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Erythrocytosis is present in 2-12% of patients with HCC and increases with
advancing tumour stage. It is associated with an elevated serum erythropoietin

(390, 391).

4.6 Cytokines post TAE

As discussed in the Introduction we decided to use a model to represent
vascular shut-down. The model we chose was Trans-arterial embolisation (TAE).
TAE has the advantage of a more definitive time of vascular shut-down and
there are greater numbers of patients undergoing this procedure compared to

the small numbers of patients on a Phase | study of a VDA.

It is known that TAE leads to profound tumour hypoxia which would be
anticipated to stimulate pro-angiogenic cytokine release (392). Indeed this may
be an important mechanism by which tumour vasculature recovers post TAE

(393).

In an animal model of TACE, both VEGF and HIF-1a were observed to rise post-
procedure by day 7 (394). This rise in VEGF could be attenuated by blocking
HIF-1a transcription. Shim et al found serum VEGF rose at day 1-2 post TACE
returning to baseline by day 21 (395) and was an independent prognostic factor
in HCC. If VEGF increased by > 50% post TACE there was a higher risk of extra-
hepatic disease within 6 months and a poorer prognosis (308). Post TACE the
highest VEGF expression is at the boundaries between necrotic and viable
tissue. bFGF is not known to rise post TAE and there is no data on the

angiopoietins and erythropoietin.
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4.7 Methods

In this study we analysed serum concentrations of VEGF, Ang-1 and -2, bFGF
and erythropoietin in a cohort of patients with HCC and two control cohorts,
one with cirrhosis and the other healthy controls. We performed univariate and
multivariate analysis to identify factors predictive of survival and, in a subset,
explored changes in serum cytokine levels before and after trans-arterial

embolisation.

4.7.1 Sample collection and analysis

Venous blood (6ml) was collected in serum separator tubes, kept at room
temperature and allowed to clot for 30 minutes being centrifuged at 2400rpm
for 15 minutes. They were aliquoted into 100l portions and stored at -80°C

until analysis. Freeze-thaw cycles were avoided.

Serum cytokine concentrations were determined by the relevant Quantikine
Immunosorbent assay kit according to manufacturer’s instructions. The Ang-1,
Ang-2 and VEGF assays were all Quantikine®, the Erythropoietin was
Quantikine® IVD® and the FGF Basic assay was Quantikine® HS (R&D systems,
Minneapolis, MN). These assays have previously been shown to be
reproducible. They are quantitative sandwich immunoassays using an
immobilized murine monoclonal antibody and a second monoclonal or
polyclonal antibody, both to react with the relevant cytokine and having no
cross-reactivity to other cytokines. The cytokine concentration was determined
by interpolation to a standard curve generated from known standard
concentrations of cytokine. Face-masks were worn to prevent contamination of
the samples as VEGF, Ang1&2 and bFGF (alkaline phosphatase) are present in
saliva. All samples were assayed in duplicate. A typical method is described

below.
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VEGF

A known VEGF (recombinant VEGF165) concentration (2000 pg/mL) was used to
create a dilution series. 100 pL of sample was used per well (coated with murine
monoclonal anti-VEGF antibody) and 100 UL of assay dilutent (buffered protein
base). Incubation was for 2 hours at room temperature after which the plate
was aspirated and washed using a multi-channel pipette. A minimum of 6
washes was performed after which the plate was inverted against paper towels
to dry. 200 UL of VEGF conjugate was added (polyclonal anti-VEGF antibody
conjugated to horseradish peroxidase) and incubated and washed as described
above. 200 YL of substrate was added (50:50 mix of hydrogen peroxide and
chromogen; mixed within 15 minutes of use and protected from light). The
plate was incubated for 25 minutes in the dark before 50 pL of 2N sulfuric acid
was added to stop the reaction. The plate was read with a microplate reader at
450nm and wavelength correction at 550nm. Values could then be read from a
standard cure generated from the dilution series. Differences in methodology

with the other cytokines are detailed below.

Differences with the other cytokines

e Patient serum was diluted (15 fold for Ang-1 and 5-fold for Ang-2). When
the concentration was read from the standard curve it was multiplied by
the dilution factor

e A horizontal orbital microplate shaker (500 +/- 50rpm) was used for
incubation for Angl &2

e The antibody conjugate used monoclonal antibodies for Angl&2
conjugated to horseradish peroxidase, polyclonal for erythropoietin and
conjugated to alkaline phosphatase for bFGF.

¢ The incubation times differed slightly between cytokines

¢ The substrate for bFGF used lyophilized NADPH (Nicotinamide adenine

dinucleotide phosphate) with amplifier.
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e The plate for erythropoietin was read at 450nm with correction at

600nm and 490nm / 650nm for bFGF

4.7.2 Statistical analysis

The data was analyzed using GraphPad Prism 5 software (Software, San Diego,
CA). Cytokine values were compared between the groups using a Mann-
Whitney U test. Data was expressed using median values. The Kaplan-Meier
method was used to estimate overall survival curves and survival curves were
compared using the log-rank test. For univariate and multivariate analysis all
variables are analysed as continuous variables other than sex, ascites, and

alcohol and viral aetiology which were categorical.

As a small pilot study formal power calculations were not undertaken prior to
collecting samples. This was due to the likely anticipated small sample size. Due
to the relative rarity of patients undergoing TAE or TACE for hepatocellular
cancer — it was anticipated that collecting data from approximately 50 patients
would take 2 years. For a pilot study it would be unfeasible to collect data for
longer durations. However as a pilot study it was accepted that it would not be
powered to allow definitive comparisons between groups but only allow
identification of promising cytokines for future investigation. Assessing how our
data fits in with other groups data sets (that are themselves small) will also aid

our selection of promising cytokines for future study.
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4.8 Results

4.8.1 Patient characteristics

Between October 2006 and June 2008, serum was collected from 46 patients
with HCC and 51 patients with cirrhosis attending the oncology and hepatology
clinics at the Royal Free Hospital in London. The number of samples collected
for this pilot study was determined by the number of patients visiting the
oncology HCC clinic of a period of 2 years. As a pilot study to determine the
feasibility of the approach no power calculations were done in advance. As such
it is not powered to make definitive direct comparisons but instead to consider

promising cytokines to investigate further.

In addition samples were taken from 50 healthy controls including staff
volunteers. Inclusion criteria for the patients with HCC were age over 18 years
and a diagnosis of HCC based on histology or the criteria defined in the
American Association for the Study of Liver Diseases (AASLD) guidelines (396).
Evidence of cirrhosis was determined either radiologically or histologically. The
study was approved by the Local Ethics Committee and written informed

consent was obtained for all subjects.

Patient characteristics are shown below in Table 4.5. Most patients with HCC
were male, had a background of hepatitis C infection and were in Child-Pugh
class A. They had multifocal disease confined to the liver with a maximum
tumour dimension of 20-50mm. The cirrhotic control group had a lower
proportion of patients with hepatitis C but otherwise there were no notable

differences with the two groups.
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Table 4.5 Patient Characteristics
* Signs of portal hypertension included splenomegaly, varices and collateral vessel formation and

ascites.

Characteristics

Patients with

Patients with

HCC (n = 46) Cirrhosis (n = 51)
Age (years) Mean (range) 61 (38-79) 57 (21-76)
Sex Male 37 34
Female 9 17
Aetiology HBVt 5 2
(some patients HCV# 27 24
have more than 1 | Alcohol 10 13
aetiology) Autoimmune* 2 4
Haemochromatosis | 2 2
NASH* 3 3
Idiopathic 5 4
Albumin (g/dL) Median (range) 38 (24-50) 37 (27-51)
Bilirubin (umol/L) | Median (range) 18 (6-67) 24 (6-136)
Serum aFP (Ug/L) | Median (range) 21 (2-100000) 3.3 (2-55)

Platelets (x10°/L)

Median (range)

125 (43-349)

109 (20-430)

Child-Pugh score A 29 34
B 16 16
C 1 1
Maximum Median(range) mm | 34 (10-140) N/A
diameter (1 <2cm (no patients) | 5
patient no scan 2-5cm 26
available >5cm 14
Staging I 4 N/A
Il 8
Illa 5
b 2
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IVa 23
IVb 3
Distribution Unifocal 19 N/A
Multifocal 27
Portal Yes: 29 N/A
hypertension** No: 14
Therapy Embolisation 25 N/A
Chemo- 10
embolisation 11
Other
Okuda stage (397) | One 22 N/A
Two 15
Three 9
CLIP score (398) Early 10 N/A
(Cancer of the Intermediate 31
liver Italian Advanced 5
program)

T Hepatitis B virus; T Hepatitis C virus * Non-alcoholic Steatohepatitis

Thirty three patients had treatment with TAE or TACE and further serum
samples were collected at defined time points following treatment to assess
changes in serum cytokine levels. In order to reliably control for the
angiographic procedure involved in TAE, a proportion of the healthy volunteers
were selected from those undergoing routine cardiac angiography provided
they had had no recent severe chest pain, recent diagnosed myocardial
infarction, elevated cardiac enzymes and were known not to have pulmonary

hypertension or chronic inflammatory conditions.
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4.8.2 Baseline cytokine values

Baseline cytokine values (median and dot plot) are provided in Figure 4.2.
Patients with HCC or cirrhosis have higher serum Ang-2 and erythropoietin
levels than healthy controls. Patients with HCC or cirrhosis also had lower serum
Ang-1 levels and therefore a higher ratio (Ang-2 / Ang-1) compared to healthy
controls. There was no difference between patients with HCC and healthy

controls with respect to VEGF and bFGF.

Comparing the HCC and cirrhotic control groups, Ang-2 tended to be higher and
Ang-1 lower in HCC patients compared with cirrhotics but the difference was
non-significant. Similarly there were no significant differences between VEGF
levels and Erythropoietin between the groups. For bFGF, the concentration was
lower in HCC than cirrhotics which was also lower than normal healthy controls

but statistical significance was not reached.
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Figure 4.2 Baseline Cytokine Values
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Figure 4.3 VEGF versus VEGF/Platelet number
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In Figure 4.3 VEGF levels from patients with HCC and those with cirrhosis alone
were compared using two methods, firstly VEGF values alone and secondly
VEGF divided by platelet count as recommended by Poon et al (301). Using
neither method is there a statistically significant different between the two

sample groups.

4.8.3 Association between serum cytokines and clinical parameters

Cytokine levels were not affected by age or sex. Interestingly both Ang-2 and
VEGF were positively correlated with a raised AFP and increasing tumour size
over 8cm but not with the number of tumours (see Table 4.6). Patients with
Child Pugh class B / C disease had higher Ang-2 levels although the difference
was small in absolute terms. By contrast the level of Ang-1 was not correlated
with any of the factors measured. The level of erythropoietin and bFGF were
both correlated with aetiology such that those with non-viral aetiology had
higher serum Epo and bFGF. bFGF was also correlated with increasing size of
the dominant lesion. Whereas serum VEGF was not statistically higher in
patients with HCC and a viral aetiology, using Serum VEGF / Platelet count this

did reach significance.
For patients with cirrhosis Ang-2 was elevated in those with Child-Pugh stage

B/C while Ang-1 was reduced resulting in a highly significant difference in Ang-

2/ Ang-1 ratio between the two groups (see Table 4.6).
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Table 4.6 Association between cytokines and clinical parameters
:in HCC (A) and cirrhosis (B)
(statistically significant associations are in bold).

A)
No in Ang-1 Ang-2 Angl/2 | VEGF VEGF/ Epo bFGF
brackets | pg/ml pg/ml ratio pg/ml plts MIU/ml | pg/ml
Age <60 (20) 14938 6584 0.41 192 1.39 11.9 2
>60 (25) | 20340 6628 0.46 217 1.59 12.9 1.9
P=0.1 P=0.9 P=0.8 P=0.1 P=0.41 P=0.7 P=0.6
Sex M (37) 18600 6641 0.43 217 1.56 11.9 2.2
F (8) 16413 6574 0.42 185 1.43 14.5 0.7
P=0.5 P=0.6 P=0.98 P=0.09 P=0.35 P=0.7 P=0.08
Cause Viral 15575 6645 0.44 205 1.56 10.2 1.4
(29) 21725 5873 0.24 223 1.87 16.4 6.3
Other P=0.1 P=0.5 P=0.1 P=0.6 P=0.88 P=0.005 | P=0.02
(16)
aFP <20.6 18295 4638 0.28 133 1.11 11.1 P
Mg/ml (23) 17870 9863 0.59 247 2.42 15 2.1
>20.6 P=0.86 P=0.000 | P=0.000 | P=0.004 | P=0.003 P=0.09 P=0.76
(22) 2 8
Child- A (29) 18850 5365 0.28 194 1.4 12.1 2.4
Pugh B/C (17) 14418 12799 0.58 246 2.73 13 1.9
P=0.31 P=0.002 | P=0.002 P=0.13 P=0.16 P=0.4 P=0.6
Size <3(18) 16483 6655 0.53 211 2.43 10.6 1.2
largest | 3-8 (18) 17740 4814 0.28 192 1.16 13.1 2.1
nodule | 28 (9) 28830 12890 0.44 391 2.32 16 5.3
(mm) P=0.1 P=0.008 | P=0.07 P=0.02 P=0.15 P=0.4 P=0.03
No of 1(19) 15575 6123 0.38 217 1.77 14.4 2.7
nodule | 2-5(18) 17565 6781 0.57 208 1.56 12.5 1.6
>5(8) 26230 4568 0.32 200 1.76 10.1 1.9
P=0.3 P=0.3 P=0.09 P=0.9 P=0.84 P=0.5 P=0.7
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B)

No in Ang-1 Ang-2 Angl/2 VEGF VEGF/ Epo bFGF

brackets | pg/ml pg/ml ratio pg/ml plts MIU/ml | pg/ml
Age <60 (33) | 16541 6997 0.49 208 1.78 18.46 2.92

>60 (18) | 17450 4472 0.26 217 1.71 14.66 3.47

P=0.14 P=0.55 P=0.13 P=0.99 | P=0.4 P=0.94 | P=0.35

Sex M (34) 17150 6677 0.33 226 1.93 13.38 3
F(17) 15630 4720 0.39 152 1.55 21.22 4.91
P=0.73 P=0.33 P=0.92 P=0.23 P=0.79 P=0.12 | P=0.17

Aetiology | Viral 14450 6209 0.46 232 2.58 13.56 3.12
(26) 18450 4990 0.33 135 1.29 14.66 3.47
Other P=0.07 P=0.68 P=0.36 P=0.17 | P=0.003 | P=0.92 | P=0.72
(25)

aFP <4(29) | 16250 4720 0.33 168 1.41 17 3.11

He/ml >4(18) | 16833 9045 0.56 245 2.34 10.86 2.47

P=0.61 P=0.02 P=0.35 P=0.16 P=0.23 P=0.38 | P=0.74

Child- A (34) 17450 4077 0.26 232 1.98 15.39 3.3
Pugh B/C (17) | 15487 10014 0.68 132 1.55 13.93 3.3
P=0.27 P=0.0001 | P=0.03 P=0.08 | P=0.32 P=0.93 | P=0.59

Platelet <140 13153 7146 0.56 160 2.14 15.24 2.75
count (32) 32650 3802 0.11 303 1.36 14.66 4.08
> 140 P<0.0001 | P=0.02 P<0.0001 | P=0.003 | P=0.23 P=0.34 | P=4.08
(19)

4.8.4 Association with prognosis

The median follow-up for patients with HCC was 574 days (range 13 to 1344
days) with no patients lost to follow up. Survival curves were generated for each
cytokine dividing the population into two groups; those above, and those below

the median value for the whole population (see Figure 4.4).

Patients with angiopoietin-2 levels above 6628pg/ml had a significantly worse
median overall survival of 459 days compared to 923 days for those below.

Similarly for patients with VEGF levels above 208pg/ml median survival was only
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293 days compared with 923 days for those below. Ang-1, bFGF and Epo levels

had no prognostic significance.

Univariate analysis (Table 4.7) confirmed that known prognostic factors for HCC,
namely liver function markers (bilirubin and ascites), and tumour factors (AFP
and number and size of nodules) correlated with adverse prognosis. Of the
cytokines measured only an elevated Ang-2 and VEGF were associated with a

poorer survival.

Applying multivariate analysis only AFP, bilirubin and Ang-2 remained
significant. Among these factors Ang-2 was the most discriminating in terms of
prognosis with a hazard ratio of 5.13 for every 10k unit rise in serum

concentration.
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Figure 4.4 Survival Curves (Kaplan-Meier)

Comparing the 50% of patients below the median value to the 50% above.
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Table 4.7 Univariate (A) and multivariate (B) analysis

Showing relationship between baseline variables and survival outcome. All

variables are analysed as continuous variables other than sex, ascites, and

alcohol and viral aetiology which are categorical.

A)

Variable HR 95% ClI p value N
Male 2.12 0.47 9.70 0.331 45
Age 1.00 0.95 1.05 0.852 45
Albumin 0.85 0.76 0.94 0.001 45
Bilirubin 1.05 1.02 1.09 0.002 45
INR (per 10 units) 1.29 0.93 1.80 0.127 44
Number of nodules 1.11 | 1.04 1.19 0.003 45
Max. diameter of tumour

(cm) 1.21 1.06 1.38 0.005 45
Log (AFP) 1.33 1.11 1.60 0.002 45
Ascites 5.52 1.90 16.07 0.002 45
Alcohol 0.93 0.25 3.37 0.907 44
Viral 0.89 0.32 2.52 0.829 45
Ang-1 (per 10k units) 1.17 | 0.71 1.90 0.539 44
Ang-2(per 10k units) 6.78 | 2.87 16.02 <0.001 44
VEGF (per 10 units) 1.03 1.02 1.05 <0.001 42
Erythropoietin 1.01 | 0.97 1.04 0.619 41
BFGF 1.04 0.90 1.22 0.577 38
B

Variable HR 95% ClI p value N
Ang-2(per 10k units) 5.13 | 1.84 14.29 0.002 44
Log (AFP) 1.30 | 1.05 1.61 0.015 45
Bilirubin 1.04 1.00 1.09 0.036 45
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4.8.5 Cytokine changes with embolisation

In order to determine if acute tumour hypoxia caused a rise in serum cytokine
levels blood was collected before and at various time points up to 21 days
following transarterial embolisation (see Table 4.8). Not all patients provided
samples at each time point and therefore the baseline values shown are those
corresponding to each time point. In order to control for the acute effects of the
angiographic procedure associated with TACE, cytokine levels in patients

undergoing cardiac angiography were also measured.

For Ang-2 there was a small increase at 24 hours but no significant difference at
any other time after TACE compared to baseline. VEGF levels rose to a peak at
day 15 when they were twice that at baseline. Serum Epo almost doubled at 24
hours post TACE and remained elevated at 7 days returning to baseline levels at
21 days. An example of a patient having 3 separate embolisations
demonstrating Epo rise with each one is shown in Figure 4.5. bFGF did not

change significantly at any point.

In the control cardiac angiography group, there was a small but significant
increase in Epo at 24 hours but the change was only 21% compared to the 76%
rise seen in HCC patients at the same time point suggesting the additional

hypoxic event in TACE causes a greater rise in Erythropoietin.
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Table 4.8: Cytokine levels at baseline (Bl) and following TACE.

For patients with HCC (A) or coronary angiography in control cardiac patients (B)
(statistically significant changes are in bold).

A
Times | BL 4 hr BL 24 Hr BL 8 days BL 15 BL 21
days days
N=8 N =25 N=7 N = N =
Ang-1 | 18420 | 18720 15500 | 15413 15565 | 23733 17565 | 16865 | 17350 | 17275
P=0.62 P=0.87 P=0.31 P=0.31 P=0.91
Ang-2 | 5123 5813 6415 6517 6415 6600 6415 6880 6415 6773
P=0.55 P=0.03 P=0.47 P=0.38 P=0.43
VEGF | 135 113 190 219 141 197 133 276 187 235
P=0.23 P=0.37 P=0.13 P=0.02 P=0.19
Epo 11.9 13.3 12.6 22.2 11 17.2 11.5 17.1 10.6 11.8
P=0.62 P=0.004 P=0.04 P=0.08 P=0.84
bFGF | 0.77 1.13 1.93 2.65 0.7 1.66 0.44 0.87 1.31 2.01
P=0.055 P=0.3 P=0.082 P=1 P=0.92
B
Cardiac Baseline 24hr
patients
n=22 n=22
Ang-1 30363 32936
p=0.38
Ang 2 3180 2853
p=0.08
VEGF 232 244
p=0.4
Epo 5.3 6.4
p=0.05
FGF 4.62 4.71
p=1
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Figure 4.5: Example of Erythropoietin post embolisation.
Arrows represent time of TAE (Trans-arterial embolisation)
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4.8.6 ROC Curves

ROC (Receiver Operating Characteristic) Curves plot the sensitivity of a test (or
the true positive rate) against 1-specificity (false positive rate) on each axis. This
can be used to assess how effective these biomarkers are at distinguishing
patients with a condition (HCC or cirrhosis) from those without. The test is used
in two settings, to attempt to distinguish patients with HCC from those with
cirrhosis alone (Figure 4.6) and to distinguish patients with cirrhosis from

normal healthy controls (Figure 4.7).

The first set of curves demonstrates little ability for our selected angiogenic
cytokines to differentiate patients with cirrhosis and HCC from those with
cirrhosis alone. Only bFGF has a significant p-value (0.033), but with a low AUC
value of 0.63. The current standard, a-FP, performs much better with a p-value

of < 0.0001 and an AUC of 0. 85.
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The second set considers patients with early stage cirrhosis (Child-Pugh A
disease) and the healthy control group. Here the angiogenic cytokines seem
more effective. As AFP was not measured in the healthy control group it was
not possible to compare to that biomarker. Scholz et al considered the
combination of Ang-2 with AFP in the detection of HCC and found the
combination more effective than when either Ang-2 or AFP were used alone
rather than in combination (348). However whether Ang-2 could be useful in

the diagnosis of cirrhosis was not discussed.
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Figure 4.6: ROC Curves HCC versus Cirrhosis
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Figure 4.7 : ROC Curves Control vs. Cirrhosis (Child-Pugh A only)
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4.9 Conclusions

The aim of this study was to identify a blood based biomarker for the acute
hypoxia induced by VDA’s that could compliment the more expensive and
technically demanding imaging assessments. We chose to focus on angiogenic
cytokines that are up-regulated by hypoxia and used the model of TAE for HCC
to explore the feasibility of this approach. In performing this analysis we also
discovered significant differences between certain cytokines in patients with
cirrhosis and HCC compared to healthy controls which may have important

clinical applications.

Ang-2 appears to be a strong and independent prognostic factor for survival in
hepatocellular cancer, with the risk of dying increasing fivefold for every 10,000
units increase in Ang-2. The ratio between Ang-2 and its antagonist, Ang-1, is
increased in patients with cirrhosis and HCC reflecting a pro-angiogenic milieu
although there was no significant difference between HCC and cirrhosis for
either Ang-1 or Ang-2. Higher levels of Ang-2 were associated with more severe
liver disease, O-FP and an increased size of the largest nodule. Other authors
have not demonstrated relationships between the angiopoietins and poor
prognostic clinico-pathological markers. In addition the failure of Ang-2 to rise
post-embolisation, even with tumour necrosis occurring suggests it may be
secreted by the surrounding liver rather than tumour. The lack of a rise post-
embolisation suggests it would be an ineffective biomarker for the anti-vascular

agents.

Serum Ang-1 was reduced in patients with cirrhosis alone and with HCC
compared to healthy controls. Ang-1 was not found to be a prognostic factor
and no changes were seen post embolisation. This confirms work from tissue

expression studies (334, 399). Most reports from other cancers find equivalent
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serum Ang-1 between controls and cancer patients (344, 345) apart from a
study in lung cancer where serum Ang-1 was reduced (342). It may be that Ang-
1 levels also are affected by the surrounding cirrhotic tissue. Serum Ang-1 is

unlikely to represent an effective biomarker.

Previous work has shown an over-expression of VEGF mRNA in HCC (327, 334,
363, 400). The highest expression was found adjacent to areas of necrosis (392)
consistent with a response to hypoxia (401). A recent meta-analysis identified
eight studies that had explored the prognostic value of serum VEGF in HCC (300)
and all but one were performed in the Asian population. In keeping with this
analysis, we found that higher levels were significantly associated with a worse
prognosis. However unlike Poon et al (364) we found no difference between
VEGF levels in HCC patients and healthy controls. It should be noted that the
normal range for serum VEGF is wide and a small control cohort may provide
misleading results. As predicted serum VEGF did rise post-embolisation
secondary to tumour ischaemia. The time-course was relatively slow in this
group of patients and only peaked at 15 days. Potentially changes in VEGF could

therefore be explored in patients treated with VDAs.

In HCC bFGF is thought to act via the augmentation of VEGF in an autocrine
manner (402). Previous work demonstrates both an increased tissue expression
of bFGF in HCC (403) and correlation with the MVD (350). All published studies
assessing serum bFGF have been done in Asian patents and, while one has
shown serum bFGF to be associated with a poor survival (364) two other studies
showed no such correlation (360, 365). In agreement with Poon et al (364) we
found a significant association between tumour size and serum bFGF but, in
keeping with the two other studies we did not find an association with
prognosis. bFGF failed to rise post embolisation and would therefore not

represent a good biomarker for the anti-vascular agents.
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Erythropoietin has been implicated in angiogenesis (404, 405). Previous studies
have reported an elevated serum Epo in patients with HCC and considered it a

likely explanation for the erythrocytosis sometimes observed (406-408).

Erythropoietin over-expression in HCC correlates with a poorer differentiation
and increased microvessel density (389), however the prognostic significance of
a raised serum Epo has not been explored. In our study we found that serum
Epo was significantly elevated in patients with HCC and cirrhotics but no
significant difference was observed between the two groups. Erythropoietin
levels were higher in those with a non-viral aetiology but no other association
with clinical factors was seen, nor any association between Epo levels and
prognosis. Transcription of Epo is regulated by HIF1a in response to hypoxia and

it is therefore a potential marker of acute ischemia.

It is of interest that Erythropoietin levels in our study almost doubled in 24
hours after TACE and remained significantly elevated for at least one week.
Erythropoietin levels also rose post cardiac angiography but to a lesser extent,
which may reflect a lower level of ischaemia in patients having this procedure.
The rapid and consistent rise in erythropoietin levels would merit this cytokine

being investigated further as a potential biomarker for the anti-vascular agents.

The differing time course of response for VEGF and Erythropoietin to TAE may
partly be due to the biology of the two cytokines. Erythropoietin is a systemic
hormone with a half life of approximately 6 hours; whilst VEGF is locally acting
with a half life in the circulation of 3 minutes. It is likely that additional factors
explain the late rise in VEGF rather than acute ischaemia. | have investigated
VEGF using both serum VEGF and also serum VEGF/platelet count as advocated
by Poon et al (301). In this study both methods appear to give equivalent

results.
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Other biomarkers for VDA’s have been considered. These include markers such
as the serotonin metabolite, 5-hydroxyindoleacetic acid (5-HIAA) which
becomes elevated post DMXAA administration. This rise is thought to be via
platelet aggregation secondary to vascular damage with secretion of the
vasoactive amine serotonin. Both Ang-1 and Ang-2 act via the Tie-2 receptor;
located mainly on endothelial cells and haematopoietic cells, including a subset
of monocytes that appear important in tumour angiogenesis. In addition both
erythropoietin and VEGF are thought to promote the recruitment of endothelial
progenitor cells (EPC’s) from the bone marrow that may promote angiogenesis.

These will be considered further in the next chapter.

In addition we have demonstrated that angiogenic cytokines are elevated in
cirrhosis. Whilst the VEGF/Platelet count was higher in patients with a viral
aetiology and may be related to inflammation, the other cytokines showed no
correlation with aetiology and are more likely associated with cirrhosis itself.
ROC curves show a statistically significant difference between patients with
early stage cirrhosis (Child-Pugh A) and healthy controls for both angiopoietins
and erythropoietin. These findings should be considered for further research.
Angiogenic cytokines such as VEGF and Angiopoietin-2 have already been
implicated in the development of cirrhosis (348) although the mechanism
remains obscure. Further investigation in their role in the diagnosis and as a

marker of prognosis appears warranted.
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Chapter Five: Tie-2 monocytes and Endothelial Progenitor Cells as
biomarkers for Vascular Disruptive Agents.

In the Introduction | considered two cell types that might act as potential
biomarkers for vascular shut-down induced physically by embolisation, or
biologically by the VDA’s. These are the group of monocytes that express the
Tie-2 receptor and endothelial progenitor cells. | shall briefly recap on their

properties below before reporting the clinical trial data.

5.1 Tie-2 Expressing Monocytes

Approximately 20% of circulating monocytes are thought to express the Tie-2
Receptor (158). In addition these cells can be identified by co-expression of the
classical monocyte markers of CD14, CD16 and CD11lb and the lack of
endothelial cell markers (161) such as VEGFR2. In mouse models they are
known to localize to sites of angiogenesis and human tumours (159). In humans
they localize to the peri-vascular space and areas of hypoxia; their distribution

may reflect that of Angiopoietin-2, released secondary to that hypoxia (158).

Physiologically TEM’s are thought to be involved in tissue growth and
regeneration (163). In malignancy they are thought to be pro-angiogenic and
their ablation results in a reduction in tumour growth and angiogenesis (159).
Tie-2 monocytes respond to Angiopoietin-2 or hypoxia by suppressing secretion
of IL-12 and TNF-a (165). It is hypothesized in our study that they are recruited
from the circulation by the hypoxia generated by embolisation. Recruited to
tumour they would aid angiogenesis and augment tumour growth. They may

therefore represent a potential biomarker for vascular shut-down.
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5.2 Endothelial Progenitor Cells

Endothelial Progenitor cells are thought to be bone-marrow derived cells that
retain the ability to migrate, form primitive tubes and adhere to substratum as
well as possessing a high proliferation rate (169). They are thought to be
recruited to areas of neo-vascularisation guided by the angiogenic cytokines
where they differentiate into endothelial cells and aid angiogenesis (170). There
is no standard way to define an EPC. They are thought to express the markers
VEGFR2, CD34, CD31, CD133 and CD146 (176) although these markers may

encompass a number of cellular sub-groups with differing properties.

Numbers isolated from the circulation depends on the technique used to isolate
them. Flow cytometry values are typically 70-210 cells/mL of blood (using
CD34/133/VEGFR2) (179). In malignancy EPC’s are thought to aid angiogenesis
and have been associated with tumour progression. Their recruitment from
bone-marrow is thought to be secondary to hypoxia via the release of HIF1-a
(206) with blood levels rising within 24 hours. The level of incorporation into the
tumour-associated vasculature and the effect this has remains controversial and
may differ depending on stage, grade, animal model and tumour type (189).
EPC’s have been investigated previously as biomarkers for anti-angiogenic
agents (178) and for the VDA’s in a mouse model (202) where levels rose

approximately 4 hours after administration.

In our hypothesis trans-arterial embolisation would generate ischaemic necrosis
with hypoxia. Subsequently EPC’s would be recruited from the bone marrow.
Levels would rise in the blood where they could be recorded via flow cytometry

with the potential of acting as a biomarker for vascular shut-down.
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With this aim | investigated levels of Tie-2 expressing monocytes and
Endothelial Progenitor Cells in patients with hepatocellular cancer, both pre and

post TAE. The results are presented below.

5.3 Hypothesis

Our hypothesis was that the acute hypoxia induced by embolisation or by VDAs
would lead to an increase in angiogenic cytokines. An increase in angiopoietin-2
may cause Tie-2 monocytes to be recruited into tumour from the bone marrow
and promote further angiogenesis. We attempted a preliminary study to
evaluate the feasibility of assessing the level of Tie-2 monocytes in the
peripheral blood as a biomarker that could in future be used to assess the VDA

agents.

In addition, as endothelial progenitor cells are also recruited to tumours under
the influence of angiogenic cytokines and may themselves enhance
angiogenesis, we investigated EPCs as a biomarker in HCC. As no standard

methodology exists for EPCs three separate methods were explored.

5.4 Methods

| analysed Tie-2 positive monocytes in peripheral blood in a group of patients
with hepatocellular cancer who were treated with TAE. The technique was
evaluated for feasibility with 8 patients whose blood was selected anonymously
who were receiving chemotherapy*. A control group of 11 was selected; 6 of

these were healthy controls and 5 were undergoing coronary angiography.

* Blood samples collected from the chemotherapy clinic were reviewed in the

haematology laboratory as per standard clinical practice. The supervising clinical
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chemist removed all identifying data from the samples including name, sex,
hospital number and date of birth after completing their standard clinical
investigations. | then received the remaining blood which would otherwise have

been discarded with no identifying data present.

5.4.1 Sample collection and analysis

5.4.1.1 Tie-2 monocytes

| analysed the whole blood concentration of Tie-2 positive monocytes using flow
cytometry. A ‘lyse, no-wash’ protocol was followed due to the likely low
frequency of positive cells in the blood. The alternative method with density
gradient separation and washing has been found to be poorly reproducible

(409).

Each sample was prepared and analysed in triplicate. 4mls of EDTA preserved
blood was collected and stored until ready to analyse. Flow cytometry was
performed within 4 hours of blood collection. 200l samples were aliquoted
into 3 test-tubes (polypropylene) and mixed with 5l of each fluorochrome-
conjugated antibody. The combinations of monoclonal antibodies are

documented below. Antibodies were stored at 2-8°C in the dark.

The fluorochrome-conjugated antibodies used were:
1. PE (Phycoerythrin) stain against CD11b (BD Biosciences code 3331412)
2. FITC (Fluorescein Isothiocyanate) stain against CD14 (BD Biosciences
code 345784)
3. PerCp (Peridinin Chlorophyll) stain against CD45 (BD Biosciences code
345809)
4. APC (Allophycocyanin) stain against Tie-2 (R&D Systems code
FAB3131A)
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The combination was then mixed using a laboratory vortex shaker and left at
room temperature for 15 minutes in the dark. The red cells were lysed using
Easylyse™ (Dako) at a concentration of 1 in 20 with distilled water. The sample
was then centrifuged at 200G for 5 minutes with brake on. The supernatant
liquid was discarded and the pellet containing the cells of interest was re-
suspended in 1ml of buffered isotonic salt solution (PBS) for flow cytometry.
The samples were analysed immediately by flow cytometry. Initially the samples
were analysed using the FACSCalibur™ model (BD Science) with WinMDI
software or the FACS Aria™ (BD) Cellsorter. Analysis was done blinded to the

patient identity or time point of the sample to reduce bias.

The strategy to detect Tie-2 positive monocytes includes the use of CD45 as an
electronic threshold signal to allow the exclusion of erythrocyte debris from the
acquisition. Monocytes are medium sized cells and therefore have a medium
forward scatter. They also have a medium granularity with a medium side
scatter. They can be identified on a plot of those two variables and an
“acquisition gate” set around them. These selected cells are confirmed to carry

the monocyte markers CD14 and CD11b.

As Tie-2 positive monocytes are relatively rare events in peripheral blood,
leukocytes were continually acquired until > 10,000 events had been collected
that met criteria for both forward and side scatter. The entire data file was

approximately 250,000 leukocytes.

5.4.1.2 Gating strategy for Tie-2 monocytes

The gating strategy is shown pictorially in Figure 5.2. Initially forward scatter
and side scatter was used to distinguish granulocytes, lymphocytes and
monocytes. A FITC stain for CD14 distinguishes the monocytes which are gated

in R1. To further confirm the cells are truly monocytes they were gated with
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CD11b and then back gated to forward and side scatter graphs (not pictured).
Finally the monocyte population was gated against Tie-2 APC. The distinction
between positive and negative was judged on where the population clusters of
Tie-2 negative cells appear to end. If this was indeterminate back- gating could
be performed to judge from the negative populations of lymphocytes or

granulocytes.

5.4.1.3 Statistical analysis

The data was analyzed using WinMDI (Version 28). The data was then analysed
further with GraphPad Prism 5 software (Software, San Diego, CA). Tie-2
monocyte values were expressed as median values and compared using the
Mann-Whitney U test. The Kaplan-Meier method was used to estimate overall

survival curves and survival curves were compared using the log-rank test.

5.4.2 Endothelial Progenitor Cells

Blood was collected and stored using the same protocol described above with
the Tie-2 positive monocytes. A ‘lyse, no-wash’ procedure was used for flow
cytometry as explained above. Again 200 [l aliquots of blood was incubated at
room temperature for 15 minutes with the following combinations of 5 LI each
of these fluorochrome-conjugated monoclonal antibodies. The procedure
followed the same method from then as with the Tie-2 expressing monocytes.
Again the analysis was completed blinded to the identity of the sample and its

time order to reduce bias.

A number of different combinations of fluorochrome-conjugated antibodies

were considered for evaluation of EPCs as detailed below:
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Method One
FITC stain against CD34 (BD Biosciences Code no 345804)
PE stain against CD133 (Miltenyi Biotech Code no 130-080-801)
PerCP stain against CD45 (BD Biosciences Code no 345809)
APC stain against VEGFR2 (R&D Systems Code no MAB3572)

Method Two (Based on a protocol by Dulic-Sills et al (444))
FITC stain against CD2/CD13/ CD22
PE stain for CD133 (Miltenyi Biotech Code no 130-080-801)
PerCP stain against CD45 (BD Biosciences Code no 345809)
APC stain against VEGFR2 (R&D Systems Code no MAB3572)

Method Three
FITC stain against CD146 (Serotec Code no MCA2141)
PE stain against CD133 (Miltenyi Biotech Code no 130-080-801)
PerCP stain against CD45 (BD Biosciences Code no 345809)
APC stain against CD34 (R&D Systems Code no MAB3572)

CDA45 enabled exclusion of erythrocyte debris and ensured that only leukocytes
were acquired for analysis. Initially it was planned to set an “acquisition gate”
around cells with a low forward and low side angle scatter (the physical
characteristics of EPCs) until 10° in that gate had been acquired. In practice
acquisition was continued until sample depletion. This required the acquisition

of large data files containing 1-3 x 10° leukocytes was anticipated.

Due to the rarity expected for endothelial progenitor cells (0.01-0.0001% of
mononuclear cells (410), a file of 10° of these cells would contain between 10-
1000 EPCs (or 70-210 cells/mL (179)). Time would be included as a parameter
during acquisition to reduce the distortion of electronic noise affecting the

results. Electronic noise can occur either as multiple events at the same time
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period or with a regular periodicity rather than rare cell events which occur
randomly throughout the period of event acquisition (409). The flow cytometer
was cleaned and washed prior to analysis to remove any residual cells or

particles.

Using method three the gating strategy was altered after the first 10 patients to
try and improve the selection of potential EPC events. In this gating strategy,
200l of blood was used and lysed carefully. An initial 10000 events were
assessed and an individual gate was devised to cover the monocytic population.
Events were then collected in this gate until sample depletion. All events
outside the gate were discarded and not recorded. This has the advantage of
reducing the size of the computer files to assess data which were becoming

unwieldy.

5.4.2.1 Statistical Analysis

Rare event analysis is considered to follow a normal distribution. The coefficient
of variance can then be determined by cv =100/VN where N is the number of
positive events analysed. Therefore if a sample contained 100 true events the cv

should be 10% which was felt to be acceptable for this pilot study (409).

The data was analyzed using WinMDI (Version 28) and GraphPad Prism 5

software (Software, San Diego, CA) as described above.

5.4.2.2 Gating strategies

The first gating strategy is shown in Figure 5.7 (179). Initially the physical
characteristics of forward scatter and side scatter were used to determine
mononuclear and lymphocytic cells. The second gate was around cells that were

CD45 negative or dim. The second and third gates isolated cells that were
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VEGFR2, CD133 and CD34 positive. These cells were then considered to be

endothelial progenitor cells.

The second strategy was developed by Dulic-Sills et al (411) and is shown in
Figure 5.8. Here the mononuclear-lymphocyte group is isolated in the same way
as above. Then a combination of CD2, CD13 and CD33 was used to exclude cells
of haematopoietic origin. Positivity of CD133 and VEGFR2 should then define

endothelial progenitor cells.

A third strategy shown in Figure 5.9 (175) was to start again by defining
mononuclear and lymphocytic cells followed by those cells that are CD45 low.
Then a combination of CD146, CD133 and VEGFR2 positivity could define

endothelial progenitor cells.
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5.5 Results

5.5.1 Patient Characteristics for Tie-2 monocytes

Between October 2006 and April 2008 blood was collected from 29 patients
with HCC from the oncology clinics at the Royal Free Hospital. The blood was
collected from the same patient group studied in Chapter Four. In addition
anonymised serum was collected from 8 patients undergoing chemotherapy for
cancer and 11 healthy controls, including staff volunteers. Inclusion criteria for
the patients with HCC were discussed in the previous chapter. The study was
approved by the Local Ethics Committee and written informed consent was

obtained for all subjects.

Patient characteristics are shown below in Table 5.1. The majority of patients
with HCC were male, had a background of hepatitis C infection and Child-Pugh
class A disease. Most had multifocal disease confined to the liver with a
maximum tumour dimension of 20-50mm. Of these 23 patients had further

blood samples taken post-embolisation.
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Table 5.1 Patient Characteristics

CHARACTERISTICS

PATIENTS WITH HCC

Age (years)

Mean (range)

60 (38-77)

Sex Male 20
Female 7
Aetiology HCV / HBV 13/3
Alcohol 6
Cryptogenic 3
Autoimmune / NASH 1/2
Haemachromatosis 1
Portal vein thrombosis 1
Albumin (g/dL) Median (range) 15 (6-56)
Bilirubin (umol/L) Median (range) 39 (28-48)

Serum aFP (ug/L)

Median (range)

20.6 (2-88,182)

Platelets (x10°/L)

Median (range)

108 (43-349)

Child-Pugh score A 18
B 9
Maximum diameter (1 Median(range) mm 35 (14-140)
patient had no scan available
< 2cm (no patients) 2
2-5cm 15
>5cm 10
Distribution Unifocal 10
Multifocal 17
Therapy Embolisation 18
Chemoembolisation 6
Palliative care 3
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5.5.2 Assessing storage of samples

In order to determine the reliability of analysing samples 24 hours after blood
was collected we compared the number of events recorded when samples were
analysed immediately compared to storing the blood at 4°C overnight and
analysing the following day. As demonstrated in Figure 5.1 there was a
significant reduction in event count at 24 hours and for subsequent experiments

analysis was performed immediately.

Figure 5.1 Assessing re-staining on the subsequent day

Total number of cellular events counted by the flow cytometer when analysed
immediately and at 24 hours after collection.
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5.5.3 Baseline values for Tie-2 monocytes

The gating strategy for Tie-2 monocytes is demonstrated in Figure 5.2. It
demonstrates the presence of cells carrying the monocyte markers CD14 and

CD11b as well as Tie-2 consistent with Tie-2 monocytes.
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Figure 5.2 Gating strategy for Tie-2 monocytes

A) Gate of side scatter versus forward scatter to delineate cell size and
morphology; B) Gate of side scatter versus CD14 expression, R1 demonstrates
the monocyte population; C) Gate side scatter versus CD11lb expression to
confirm monocyte population; D) Gate of side scatter versus Tie-2 showing
monocyte population only, R3 shows those positive for Tie-2 expression.
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Baseline values for Tie-2 monocytes as a percentage of total monocytes are

provided in Figure 5.3. The values were obtained on two separate flow

cytometers as a new cytometer superseded the old. The values on the second

(the BD FACS Aria) are significantly lower, which corresponded to a new batch

of Tie-2 antibody. The values are therefore detailed separately.

Figure 5.3 Baseline values for Tie-2 monocytes
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5.5.4 Association between Tie-2 monocytes & clinical parameters

Due to the disparity with the two flow cytometers, only the values from the
FACSCalibur are presented here due to a larger sample size. The FACSCalibur
data is also closer to previous estimates of the Tie-2 monocyte population in
cancer e.g. by Venneri et al (158) who estimated them at 3.3% +/- 1.5% of

monocytes.

In this preliminary sample of only 14 patients one clinical parameter reached
significance (see Table 5.2). An OFP level of greater than the median of 20.6
ng/ml was associated with an elevated level of Tie-2 circulating monocytes

(using the Mann-Whitney U statistical test and median values).

Table 5.2 Tie-2 Monocytes and Clinical Parameters

CHARACTERISTICS TIE-2 MONOCYTES
PATIENT NUMBER (% MONOCYTE POPULATION)
(FACSCALIBUR ALONE)
Age <60vyears 6 3.56
> 60 years 8 6.62
P=0.27
Sex Male 7 3.56
Female 7 7.48
P=0.94
Aetiology Viral 10 5.19
Other 4 5.29
P=0.86
OFP (pg/ml) <20.6 8 3.54
>20.6 6 7.98
P=0.03
Child-Pugh status A9 5.49
B/C 5 2.42
P=0.68
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5.5.4.1 Associations with angiogenic cytokines

Correlation of the angiogenic cytokines against Tie-2 monocytes is shown in
Figure 5.4. Serum VEGF appears to positively correlate against Tie-2 monocytes
while angiopoietins 1 & 2 and the angiopoietin ratio show no evidence of any
correlation. The significance of the correlation between VEGF and Tie-2
expression in this data-set it remains unclear. The level of correlation is
relatively low and the data-set is small. As only 1 of 6 values shows such
correlation it may reflect chance alone. It would need to be corroborated in a

larger data-set before it could be considered truly significant.
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Figure 5.4 Correlation with the angiogenic cytokines
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5.5.5 Tie-2 Monocytes changes with embolisation

EDTA-preserved peripheral blood was collected for Tie-2 monocytes pre-
embolisation and at 4 and 24 hours, 8, 15 and 21 days. Not all patients provided
blood samples so the baseline values are given for each time-point with the
patient number. With Tie-2 post embolisation the only significant increase was
seen at day 8 post procedure in this small study group. This has been
represented by both a Table (Table 5.3) and a Figure (Figure 5.5). Although the

p-value becomes significant at day 8 the significance of this is unclear.

Table 5.3 Percentage of Tie-2 monocytes post embolisation

Values for Tie-2 monocytes are given in percentages of the monocyte
population. Each post-embolisation value was compared individually to its pre-
embolisation value to act as its own control using the Mann-Whitney U Test.
The total value given is the median.

24 8 15 21
TIME PRE (4HRS | PRE | [PRE | . |PRE | = | PRE |
No HCC 17 22 8 6 8
patients
Tie-2
1.78 2.55 2.02 2.33 2.42 4.86 2.98 4.44 3.96 1.86
mOnOCyteS
p=0.13 p=0.13 p=0.03 p=0.09 p=0.31
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Figure 5.5 Percentage of Tie-2 Monocytes Post-embolisation
Graphs use a Log scale due to wide range of data values. Day 8 presented as

both linear and log scale.
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A control group of 5 patients undergoing cardiac angiography showed no
increase in Tie-2 at 4 hours post procedure (0.4 versus 0.33 Percent monocytes

p=0.58) but it was not possible to test later time points.

5.5.6 Endothelial Progenitor Cells

5.5.6.1 Assessing sample storage

The samples were either stained and analysed immediately or left overnight to
be stained and analysed in the morning. Again the readings were unreliable if

left overnight. The graph below uses a log scale due to the range of values.

Figure 5.6 Assessing re-staining on the subsequent day
Total number of cellular events counted by the flow cytometer when analysed

immediately and at 24 hours after collection.

Staining on the subsequent day
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5.5.6.2 Endothelial Progenitor cells at baseline

Method One:

Figure 5.7 demonstrates the presence of cells defined as endothelial progenitor
cells by the expression of CD34, CD133 and VEGFR2. According to this method
EPCs formed 0.015% of mono-lymphocytic cells (range 0.0018-0.05) and 0.79%
of CD45 low mono-lymphocytes (range 0.47-1.25) in a cohort of seven patients
attending the oncology clinic. Four patients with HCC had samples analysed with

similar values (0.013% of mono-lymphocytic cells; range 0.006-0.022%).
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Figure 5.7 Initial gating strategy for the identification of EPCs
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: Confirming that they are also CD133 positive.

Three patients had samples taken at 24 hours post-embolisation with all three
having a rise in the percentage of EPC’s from a mean of 0.64% of CD45 positive
events to 0.99% of CD45 positive events. The extremely small sample size and

the very low frequency of “positive” events makes this difficult to interpret.
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Method Two:

An alternative method based on a paper by Dulic-Sills et al (411) was then
considered. This method used a “dumping” method to eliminate cells carrying
the haematopoietic progenitor markers of CD2 / CD13 and CD22 before gating
on the markers for endothelial progenitor cells, CD133 and VEGFR2. This

“dumping” technique is the main difference from method one.

Initially 8 patients had blood tested using anonymous samples from an oncology
clinic. These demonstrated that the presumed EPCs were present at 0.0023% of

mono-lymphocytic cells (range 0-0.04).

In addition 3 patients with HCC had samples measured with this method giving a
mean value of 0.0037% of mono-lymphocytic cells. After embolisation in 2
patients no rise was seen at 48 hours with a mean value of 0.005%. These
values appear lower than previously published values; extrapolating to cells/mL
would give values of 10-20 cells per ml. In addition cells were often only weakly

positive for CD133 and VEGFR2.
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Figure 5.8 Second gating strategy for the identification of EPCs
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A = Isolating mononuclear and lymphocytic cells

B = Excluding cells that are positive for CD2 / CD13 and CD22 as well as selecting cells that are

CD133 positive.

C = Selecting cells that are CD133 positive and VEGFR2 positive.

D = The final quadrant of CD133 and VEGFR2 positive cells contains 1 event.
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Method Three

This method is similar to the first method but replaced CD34 with CD146.
Although Asahara et al (171) used the combination of CD34 and VEGFR2 to
characterise EPCs in 1997, the advent of CD133 to identify primitive stem cells
meant CD34 was less useful. Cells that are CD133 positive and VEGR2 positive
have been demonstrated to differentiate into endothelial cells (412), with
functional properties of endothelial cells. CD34 expression on angiogenic cells is
now considered to be variable. CD146 is an endothelial cell marker and a

marker of mesenchymal stem cells and is thought to be expressed in EPCs.

Ten patients with HCC had blood analysed using this method resulting in a
median value of 0.0046% of mono-lymphocytic cells (range 0.00097-0.1339) and
0.368% of CD45 low cells (range 0.094-3.82). This gives a median of 100 cells/ml
(range 10-810). Using the adapted method on a further 6 patients with HCC and
3 healthy controls patients demonstrated a median value of 0.011% mono-
lymphocytes in the patients with HCC compared to 0.0046% in the controls
(p=0.024). This sample size is too small to make conclusions from but is

consistent with other data from Poon et al (213).
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Figure 5.9 Third gating strategy for the identification of EPCs
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A = Isolating mono-lymphocytic cells

B = Identifying cells that are CD45 negative or weak positive
C =Isolating cells that are CD133 and CD146 positive

D = Isolating those that are CD146 and VEGF2 positive
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5.5.6.3 EPC events over time post embolisation

Changes post-embolisation are detailed in Table 5.4. Ten patients had blood
taken pre- and post-embolisation at 4 and 24 hours. In addition 3 patients had
blood taken at 8 and 15 days post-embolisation. There was no evidence of a rise
in EPC cells post-embolisation demonstrated in this small series. With the
adoption of the third method the same pattern was seen with no statistical
difference observed over time. This may be due to the small sample size. Of the
2 patients who had chemo-embolisation both had a rise in EPCs of 68% and

330% respectively at 4 hours before falling to just below baseline at 24 hours.

Table 5.4 EPC levels post embolisation

HCC 15
PATIENTS PRE 4 PRE 24 HRS PRE 8 DAYS PRE DAYS
10 10 3 3
Median

EPCs 0.0047 | 0.009 | 0.0047 | 0.0058 | 0.0049 | 0.0053 | 0.0049 | 0.0069

(% of ML p=0.69 p=0.43 p=0.75 P=0.5
cells)
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5.6 Conclusions

The aim of this chapter was to consider whether Tie-2 positive monocytes or
endothelial progenitor cells could be investigated as biomarkers for the vascular
disrupting agents. Our study was designed as a pilot study only, to assess the
feasibility of these approaches rather than to provide definitive evidence for
their suitability as biomarkers. As a pilot study, only a small number of patients
were enrolled over a 2 year period making the data difficult to interpret and any
conclusions only tentative. Future studies are aimed to investigate promising
biomarkers on a larger scale. Ideally this project could recruit alongside future
trials of TAE in malignancy as part of a multi-centre study. As flow cytometry

cannot be done on stored blood any trial would of necessity be prospective

Tie-2 monocytes are known to localize to sites of angiogenesis (159) under the
influence of angiopoietin-2 (158). The acute hypoxia from TAE was hypothesized
to lead to cytokine release and secondary recruitment of Tie-2 positive

monocytes.

Although there has been interest in targeting tumours using Tie-2 positive
monocytes, there is little data on its use as a biomarker. In this study we
considered it in patients with hepatocellular cancer undergoing embolisation.
Our study was confounded by finding that values for Tie-2 positive cells varied
between flow cytometers. Initial data recorded on the FACSCalibur machine
gave a median value of 4.69% of monocytes compared to a value of 0.67% for
the BD FACSAria. The difference may reflect reduced staining of a new batch of
the Tie-2 antibody (personal communication R&D 2008). The analysis was
therefore confined to data obtained from the FACSCalibur since the values

corresponded to previous data published by Venneri et al.
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There was no evidence in our data set that Tie-2 positive monocytes were
statistically more frequent in patients with HCC as compared to healthy
controls. There was a statistically significant correlation with AFP but not with
liver function according to Child-Pugh status. Tie-2 monocytes did correlate with
VEGF but there was no clear correlation between serum angiopoietin-2 and
circulating Tie-2 monocytes (r = 0.013%). Post-embolisation a rise in Tie-2
monocytes was seen with statistical significance reached by day 8. This could
reflect recruitment from the bone marrow into the circulation. Recruitment
may be hypoxia driven which could explain the correlation seen with serum

VEGF. No relationship was seen with prognosis.

This was a pilot study to consider the feasibility of investigating Tie-2 monocytes
further as a biomarker. One challenge is the possible variability between
operators. As expression of Tie-2 is a continuous variable there may be no clear
cut-off between positive and negative events (defining a cell as Tie-2 positive or
negative). The other cell populations negative for Tie-2 can assist in defining a
boundary and computer programs may aid visual inspection but subjectivity
may remain. This work could be extended to include larger number of patients
since the sample size was very small. It would also be possible to assess the
soluble Tie-2 receptor in serum which has recently been shown to be elevated

in neuroendocrine tumours and to correlate with serum angiopoietin-2 (166).

A second pilot experiment explored the use of EPCs as a possible biomarker.
EPCs are known to be recruited from the bone marrow by angiogenic cytokines
such as VEGF, bFGF, SDF-1 and GM-CSF (203). They migrate to the hypoxic
tumour peripheries in areas of intense angiogenesis (413) as demonstrated by
MRI tracking of labelled CD133 positive cells. The ablation of EPCs reduces
tumour growth and vascularity (205). Previous work has shown they are
elevated in hepatocellular cancer (194). Poon et al has shown that an elevated

level of circulating EPCs correlated with tumour aggressiveness using a method
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of scoring colony forming units (CFU’s) in the peripheral blood and quantified
with FACS (using VEGFR2, CD34 and CD133). EPC levels correlated with serum
AFP, plasma VEGF and interleukin-8 and were higher in patients with non-
resectable disease and in patients who recurred after potentially curative
surgery (213). This work suggests EPCs as a potential biomarker in HCC. In
breast cancer they have been used as a surrogate biomarker for an anti-
angiogenesis drug (414). Our hypothesis was that the acute hypoxia resulting

from tumour embolisation would lead to EPC mobilisation.

Shaked et al (202) demonstrated rapid mobilisation of EPCs after VDA treatment
in a mouse model. The cells homed to the viable rim of tumour tissue. This
increase could be blocked by a VEGFR neutralising antibody with a resulting
increase in anti-tumour activity. After VDA administration an increase in VEGF,
G-CSF and SDF-1 was seen. G-CSF contributed to EPC mobilisation and was
induced by it. In human subjects plasma G-CSF, VEGF and SDF-1 increased 4
hours after administration of a VDA as measured by ELISA and fell again by 24
hours (203).

One of the difficulties with research in this area is the lack of a standard
methodology to define an EPC by flow cytometry. In this study | considered
three different methods. Initially | used a method based on the original data
from Asahara et al (171) who used co-expression of CD34 and VEGFR2 to define
an EPC. Later work questioned the reliance on the haematopoietic stem cell
marker, CD34 (410) since it is found on both EPCs and more mature endothelial
cells. | therefore explored the method described by Macey et al (411) which
excluded cells on the basis of their expression of haematopoietic markers CD2 /
CD13 and CD22 before selecting cells with the stem cell marker CD133 and
VEGFR2. Using this method | found very low numbers of cells with weak staining

for VEGFR2 and CD133.
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The final method used the markers CD133 and CD146 instead of CD34, together
with VEGFR2. Using this method we considered patients pre- and post-
embolisation to assess for changes over 4 and 24 hours. In our small patient
sample there was no indication of any difference. This differs from data
published by Shaked et al which demonstrated a rise in EPCs at 4 hours which
resolved by 24 hours (203). Their method differed from ours using
CD13'VEGFR2'CD4579™CcD117*. CD13 is known to be expressed on
haematopoietic progenitor cells and was one of the markers used to exclude
cells by Macey et al (411). As both VEGR2 and CD117 are also expressed (178)
on subsets of haematopoietic progenitor cells it is likely they are included in the
analysis. We used the same time points post embolisation as Shaked et al did
post VDA. It may be that the EPC response to hypoxia induced by embolisation
differs from that post VDA with a different time-course. Alternatively the rise
post VDA may not be induced by tumour hypoxia but be secondary to an
independent systemic effect of the VDA on bone marrow inducing EPC

recruitment.

EPCs have potential as biomakers for anti-angiogenic agents. Challenges remain
with the lack of a standard methodology to identify them. Flow cytometry is a
valuable tool to identify candidate cells but unless they are cultured it is difficult
to be certain they are indeed EPCs. The combination of CD133" and VEGFR2"
has been validated by isolating and culturing these cells and demonstrating
differentiation into endothelial cells with the functional properties of EPCs
(412). In other papers CD34 has been reported as both positive and negative in
EPCs (410, 415) as has CD45 (171, 415, 416), which may relate to lack of clarity
of what constitutes dim expression. To avoid using CD45 Khan et al (410)
recommends the use of an exclusionary gating strategy such as CD3 / CD19 and
CD33. An alternative would be the gating strategy we employed in our second

method of CD2 / CD13 and CD22.
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The different methodologies employed suggest there are likely to be separate
groups of cells with endothelial progenitor like properties and overlapping
phenotypes. Some cells may be derived from monocytes or have monocytoid
properties (417). Gulati et al (418) considered several cell types having the
potential to differentiate into EPCs including monocytes expressing CD14 and
those expressing CD133 and VEGFR. A clearer understanding of the differing cell
types with angiogenic potential would be useful in determining their best role
as biomarkers. To this aim Mellick et al (419) used the transcription factor
inhibitor of DNA binding 1 in mouse transgenic models and tracked EPCs from
bone marrow into circulation and then to tumour stroma. Ablation with a
suicide gene led to a reduced tumour growth secondary to an impaired

angiogenesis.

Further practical considerations with circulating EPCs are their rarity making it
difficult to exclude the impact of background noise. In our study we aimed to
collect 10° events in total. It is likely that collecting even larger number of
events would be optimal with such rare-event analysis. The lengthy sorting time
required may restrict EPC use to a research setting. Further work is needed to

explore the relationship between EPC and malignancy.
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Chapter Six: Conclusions

In this, my final chapter, | shall aim to summarise the key findings of my thesis
and then consider them further in the context of the expanding field of

radioimmunotherapy.

The initial hypothesis was that single agent radioimmunotherapy would be
effective and relatively non-toxic in haematological malignancy. This statement
appears consistent with the findings of Chapter Two, our Phase | study of **!I-
CHT25 in CD25-expressing lymphoma. This study has been published and is now
progressing to a Phase Two to further assess efficacy and toxicity in a larger

patient group.

Our initial hypothesis considered that solid tumours were more likely to present
challenges for single-agent RIT. To date results have remained disappointing,
particularly in advanced disease (94). To exploit synergy seen in animal models
(123), RIT was combined with a VDA to induce tumour vascular shut-down.
However as reported in Chapter Three, results remained disappointing with
only minor evidence of efficacy and unexpected toxicity. The lack of efficacy
may at least be partly attributed to the lack of vascular shut-down induced by

CA4P on DCE-MRI.

This observation emphasised the need for an effective biomarker for the extent
of vascular shut-down achieved by the VDA's. There are a number of limitations
with imaging methods. Serum biomarkers have the advantage of being
guantifiable, less operator-dependent, and repeatable. A biomarker would
allow an optimal protocol to be developed to allow maximum synergy to occur

and to minimise the risk of vascular shut-down preventing RIT access to tumour.
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Chapters 4 and 5 report pilot studies on various compounds as potential

biomarkers.

Two hypotheses were considered in Chapters 4 and 5. Both are investigated in
preliminary pilot studies to consider whether further more definitive work
would be feasible and desirable. The first hypothesis was that an appropriate
model for vascular shut-down secondary to a VDA would be vascular shut-down
secondary to physical means (TAE). Both are known to cause ischaemic necrosis
with secondary hypoxia. TAE has the advantage of larger patient numbers and a

more consistent time and level of vascular occlusion.

The second hypothesis was that this hypoxia would generate the secretion of
angiogenic cytokines, Tie-2 expressing monocytes and Endothelial Progenitor
Cells (EPC’s) and that these would have potential to act as biomarkers. As a pilot
study only, definitive answers were not anticipated but promising substances
could be considered for further investigation in multi-centre studies. Evaluating
our results in the context of prior research is important for our small studies. |

shall then consider how this research relates to future work.

Currently RIT has been most successful in haematological malignancy, as
predicted by the radiobiology. Much of the previous research has been in
indolent B-cell lymphomas and targeted the CD20 cell surface antigen. This
research has led to 2 licensed agents, *°Y-ibritumomab tiuxetan (Zevalin®) (74)
and *!I-tositumomab (Bexxar®) (84). Both have shown clinical benefit at non-
myeloablative doses. Although most patients relapse within 6-15 months (420)
approximately 15-20% attain long term remissions and a proportion may be
cured. RIT with more aggressive lymphomas, such as DLBCL, have typically been
less successful, attributed to their higher proliferative rate failing to be

controlled by the low dose rate of RIT.
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Our study of -CHT25 in CD25-expressing lymphoma (mainly Hodgkin’s
lymphoma) demonstrated that, at the MTD, it was relatively well tolerated and
showed some evidence of efficacy. The single-agent efficacy observed here is
encouraging considering the higher proliferative rate of HL or T-cell lymphoma
compared with indolent lymphoma. The toxicity profile was similar although a
high rate of non-neutropenic infection was seen, whether this was due to an
immunomodulatory effect of the RIC or due to the heavily pre-treated patient

group is not clear.

Previous attempts at RIT in HL have used murine antibodies against the CD30
receptor (237) with limited evidence of efficacy. Our paper is important as it
uses a chimeric antibody and demonstrates manageable toxicity. Although
chimeric and humanized antibodies (233-234) have been used in their unlabeled
form in HL, concerns about their longer half-lives exposing patients to greater
bone marrow suppression have so far limited their use in RIT. Our study also
targets CD25, a receptor which has not been explored as a target in HL,
although Waldmann et al have investigated it in ATLL (244). The advantage of
targeting CD25 over CD30 may relate to its expression on the surrounding
inflammatory cells as well as malignant cells. These inflammatory cells are
thought to consist of predominantly CD25 positive T-regulatory cells that may
protect the malignant cells from the host response and aid their malignant
potential (255). Further studies will aim to clarify the immunomodulatory effect

of 3Y-CHT25, particularly on these T-regulatory and Natural Killer cells.

Due to the results of the Phase | study presented here, *!I-CHT25 is due to
enter further Phase Il trials in patients with relapsed HL. This trial should help
determine whether single-agent RIT can deliver long-term remissions in HL.
However if the experience of indolent B-cell lymphomas are typical most
patients will either fail to respond or have short-lived responses therefore

improving RIT remains vital. Different strategies can be considered. RIT may be
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more effective if combined with chemotherapy or other targeted agents, if
given with high-dose therapies such as ASCT or allogeneic transplant, if it is
given earlier in the disease course, if multiple antigens are targeted or if pre-
targeting two-step methods are used to increase the dose delivered to tumour.
Methods to better predict haematological toxicity such as FLT-3L may aid dosing

and even allow dose escalation in a sub-group of patients (254).

Our Phase Il study will plan to investigate some of these strategies. It will
administer unlabeled CD25 antibody prior to the RIC to remove any ‘sink’ of
soluble IL-2 from the circulation. The initial Phase Il study will remain in patients
with relapsed HL but eventually it may be feasible to administer it earlier, either
in first relapse in high-risk patients with HL or first-line in patients with poor
prognosis T-cell lymphoma. Using this strategy in NHL Kaminski et al improved
response rate, but more importantly increased the number of durable

responses, with a time to progression of over 5 years (83).

RIT can be combined with chemotherapy or other targeted agents. Press et al
administered RIT after standard chemotherapy for follicular lymphoma and
found an increase in CR and molecular remission rate with little additional
toxicity (421) producing a 5 year progression free survival of 67%. Combinations
include either ASCT or allogeneic bone marrow transplants. With allogeneic
transplants Press et al has replaced total body irradiation used in conditioning
regimens with myeloablative RIT. Results have been promising with high and
durable responses rates (422) including in patients with DLBCL. RIT can be
included as part of the conditioning for autologous transplantation. Devizzi et al
has published interesting results in a range of B-cell lymphomas (423) and a
phase Il study is currently underway considering the addition of !I-
tositimomab to a standard autologous regimen in DLBCL. In our own study 2

patients went on to receive high-dose therapy (1 autograft; 1 allograft). No

excess toxicity was seen and both transplants engrafted satisfactorily. We
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intend to further investigate the potential o I-CHT25 in the conditioning

regimens of ASCT in relapsed HL.

In contrast to haematological malignancy, radiobiology predicted that single-
agent RIT is likely to be disappointing in solid tumours, particularly in patients
with bulky, resistant disease (94). A variety of methods have been attempted to
improve RIT. The development of antibody fragments has improved tumour
uptake and clearance (45), chimeric and humanized antibodies have reduced
immunogenicity (54), pre-targeting two-step methods have allowed an
improved tumour to blood ratio (60) and various combinations of agents have
been tried including chemotherapeutics and cytokines. Our group hoped to
exploit the synergy seen in animal models between RIT and the VDA’s to

improve the efficacy of RIT in solid tumours (119).

The ®'1-A5B7 Phase Il study is reported in Chapter 3. Synergy between the RIT
and VDA was anticipated due to their differing mechanisms and sites of action,
with the VDA targeting the poorly perfused centre and the RIT the tumour rim.
In animal models a sub-curative therapy was transformed into a curative one
with this combination. No unacceptable toxicities were seen (119). Although no
additive toxicity was anticipated in this study the starting doses were below the
MTD’s derived from the single agent data. However dose-limiting
myelosuppression was seen with the first cohort. Even after reducing the

administered activity further toxicity occurred and the study was stopped.

This toxicity was unexpected. It may reflect an independent cytotoxic effect of
the CA4P similar to other chemotherapeutics that interact with tubulin such as
the vinca alkaloids (277). The combination of a VDA with RIT is novel so there
are no equivalent clinical trials to compare to. However a significant
myelosuppressive effect has not been identified in any of the single agent

studies (265-267) or when in combination with chemotherapy (279) apart from
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a single study where CA4P was administered 60 minutes post carboplatin. The
subsequent vascular shut down was thought to impede the renal clearance of
the carboplatin (280). There was no evidence from our study that the

pharmacokinetics of the !

I-A5B7 were altered by the CA4P when comparisons
were made with the single agent study (94) or that the administration of the
CA4P two weeks prior to the first infusion of the RIC had any impact on tumour
uptake. It is possible that the pharmacokinetics of the CA4P administered post
RIC administration were affected since data was collected from the preceding
administration due to radiation protection issues. It may simply represent the

more heavily pre-treated patient group when compared to earlier studies when

fewer chemotherapeutic agents were available (94).

No objective responses were seen although one patient who had a reduction in
blood flow on DCE-MRI post CA4P and a high tumour absorbed radiation dose
did show a minor radiological response associated with a fall in tumour markers.
The lack of responses may be secondary to the low VDA dose administered and
a failure of adequate vascular shut-down. It may also be due to chance in a
small patient group, more heavily pre-treated patients losing antigen expression
secondary to tumour de-differentiation or the lower tumour absorbed dose
compared to Lane et al (94) which may itself be secondary to de-differentiation.
The problems with ensuring that the biological outcome of vascular shut down
was met highlighted the necessity of an improved biomarker in these multi-

modality trials.

The future of RIT combined with a VDA remains uncertain due to the
unexpected toxicity encountered. Future animal work may help to delineate
why this unexpected toxicity occurred. Currently multiple studies are in process
investigating the combinations of a VDA with chemotherapy, anti-angiogenic
agents and targeted agents. In addition newer, more potent VDA's are in

development (424) that may induce vascular shut-down more efficiently. The
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RIT may be delivered using pre-targeting methods where the delivery of the
antibody is separated from that of the radioisotope. This has the advantage of
improving the tumour to normal body ratio and reducing the risk of toxicity or
of allowing a safer escalation of injected activity (60). Antibody engineering and
the use of fragments including minibodies and SIP’s may also help to increase
tumour uptake and clearance and therefore improve the tumour to normal

tissue ratios (50).

As described earlier one of the current difficulties of combining RIT with a VDA
is the lack of a good biomarker to measure the effects on the vasculature. This is
particularly problematic when issues of scheduling therapies are crucial to both
efficacy and toxicity. Current imaging methods are time-consuming, costly and
exclude many patients. They cannot be used in a radio-active patient after
radioisotope administration. A reliable surrogate marker would be of
tremendous benefit in drug development, particularly if a serum marker could

be identified which was easily reproducible and quantifiable.

Chapters 4 and 5 present pilot studies considering the angiogenic cytokines, Tie-
2 expressing monocytes and Endothelial Progenitor Cells as possible biomarkers
for the VDA’s and other agents causing vascular shut-down. Trans-arterial
embolisation was used as a model for vascular shut down induced by the VDA'’s.
It was hypothesised that TAE would induce ischaemic necrosis (141) leading to
the release of HIF1-a and subsequently the angiogenic cytokines, EPC’s and Tie-
2 monocytes. TAE was chosen as a model due to its more consistent extent of
and time duration of vascular shut-down together with the possibility of a larger
patient group. Even as a pilot study it was anticipated it would take

approximately 2 years to collect the data.
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As a pilot study our data can not be considered definitive but instead aimed to
provide directions for future research. Serum Angiopoietin-2 is known to be
elevated in HCC (348) and be an independent prognostic factor. Our data
confirms that of Scholz et al that Angiopoietin-2 levels did not correlate with
tumour characteristics but did with markers of severity of liver disease (348). In
addition our study found no difference in Ang-2 levels between patients with
cirrhosis and those with HCC alone. This differs from Scholz et al and may
represent chance in a small study. Alternatively it could reflect the differences
between the patient groups, the respective AFP’s suggest that Scholz et al
includes more patients with an advanced tumour stage than in our study. The
data presented here and in Scholz et al (348) suggest that the source of
Angiopoietin-2 may not be tumour but the surrounding cirrhotic liver.
Histological studies have been contradictory (346-347), which may relate to

heterogeneity in tumour expression.

Serum angiopoietin-1 has been less studied than angiopoietin-2 and our study is
the first | am aware of in HCC. | report a lower level of serum Ang-1 in patients
with HCC compared to healthy controls. The high Ang-2 and low Ang-1 levels
are consistent with a pro-angiogenic environment. Tissue expression studies
have either found a stable level of Ang-1 ((331, 334) or an elevated one (306,
425) although in all these studies the Ang2:Angl ratio was elevated. It is not
clear what causes the discrepancy between these findings; further studies on
serum Angiopoietin-1 in HCC are indicated. Of note Park et al did find a reduced
serum level in NSCLC (342). In our study serum Ang-1 was not of prognostic
significance and no difference was observed in serum levels post-embolisation
suggesting Ang-1 may be derived at least partly from the surrounding cirrhotic
liver. This finding does fit in with the expression data where levels between

tumour and cirrhotic liver were similar (331).
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Studies have shown an elevated serum VEGF in patients with HCC (307). Higher
levels were associated with a poorer prognosis post TAE (309). In a meta-
analysis of 8 studies, all but 1 in the Asian population, serum VEGF was
associated with a poorer outcome (300). However in our study no difference
could be determined between serum VEGF in HCC and healthy controls.
Although HCC values appeared consistent with those obtained in Poon et al
(309) the control values were higher. This highlights the difficulty of using serum
VEGF which is known to have a comparatively wide range in the normal healthy
population, a challenge for small studies such as ours. Our study did find a
poorer prognosis for patients with high serum VEGF levels consistent with the
meta-analysis (300). Although serum VEGF rose post embolisation the rise in
our study was relatively late, becoming significant by day 15. Other studies have

shown an earlier rise by day 7 (395).

Few studies have considered bFGF in HCC and they all are in the Asian
population. Our data confirms that from Poon et al (364) who did not find any
difference between serum bFGF in patients with HCC and controls. However
their group found a correlation between high bFGF levels and a poorer outcome
which in common with another group (365) we could not replicate. Values did

not change post-embolisation and no other studies have considered this.

Erythrocytosis is relatively common in patients with HCC (2-12%) (406) and
thought to be secondary to an elevated erythropoietin level. Few studies have
assessed serum erythropoietin levels in HCC and those that do tend to consist of
case studies or small series (390, 406). Our data is consistent with that work,
showing erythropoietin levels are elevated in HCC and in patients with cirrhosis
alone. In our small data series levels did not seem to affect prognosis. Levels
consistently doubled post-embolisation remaining elevated for 1 week. This rise

is likely secondary to vascular shut down causing ischaemia and a smaller rise
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was seen post coronary angiography. | am aware of no other study that has

considered erythropoietin levels post TAE.

My hypothesis with the angiogenic cytokines was that the ischaemic necrosis
induced by embolisation would cause them to be secreted secondary to
hypoxia. Their rise would therefore be a biological marker for the extent of
vascular shutdown. Serum angiogenic cytokines have the advantage of being
determined by ELISA, which is a relatively straightforward validated assay and

allows samples to be stored and analysed later.

Of the angiogenic cytokines studied serum erythropoietin has the most
potential as a biomarker with a consistent rise post embolisation. The
Angiopoietins failed to rise and may be secreted by the surrounding cirrhosis
rather than the tumour as did bFGF. Although VEGF levels did increase they did
so late and remained very variable between different patients making them less
useful. This study is only a pilot, so potential biomarkers need to be further
evaluated in larger series. To expand patient numbers this may require multi-
centre studies and include trials of the VDA’s as they move into later phase
clinical studies. Whilst erythropoietin merits further evaluation other
substances are interesting. These include TGF-betal and its co-receptor CD105
which are thought to enhance the malignant potential and angiogenesis (426).
Shaked et al have considered SDF-1 (stromal derived factor-1) and G-CSF
(granulocyte colony-stimulating factor) (203) post VDA in both animal models

and patients and demonstrated rapid rises within 4 hours of administration.

Tie-2 monocytes are known to be recruited from bone marrow secondary to
hypoxia and directed to sites of angiogenesis under the influence of
angiopoietin-2 (158). This led to the hypothesis that they may have potential as
a biomarker for vascular shut down. Although Tie-2 monocytes have been

detected in the blood of patients with a variety of malignancies including lung,
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kidney, colon, pancreas and neuroendocrine tumours (165) they have not been
studied in hepatocellular cancer or been investigated as a biomarker.
Unfortunately our study was limited by poor Tie-2 staining (R&D Personal
Communication) limiting patient numbers to 16. In this very small cohort, levels
of Tie-2 monocytes were not elevated in patients with HCC, although they were
higher in HCC patients with an elevated AFP. A correlation was seen between
serum VEGF and Tie-2 and both rose from day 8 post-embolisation. This late rise
may reflect their recruitment induced by hypoxia. Both VEGF and Tie-2
monocytes are more likely to be responding to the same stimulus rather than
being dependent on each other since in-vitro work has not shown Tie-2
recruitment to be dependent on VEGF (427). Although these observations are
interesting for further study they cannot be considered definitive due to the
extremely small sample size and the lack of other corroborating studies in this

area.

Our study demonstrates the feasibility of using flow cytometry to assess Tie-2
monocytes and found these cells present in HCC. Future larger studies would be
required to optimize and standardize the flow cytometry protocol and then
investigate their role as a potential biomarker for vascular shut down more
definitively. Tie-2 expressing monocytes have the ability to hone to tumours.
Studies are currently in progress using them as delivery agents for cytotoxics

(167).

Considerable controversy exists about endothelial progenitor cells and the role
they play in promoting tumour angiogenesis. They are thought to be recruited
to tumours under the influence of the angiogenic cytokines and secondary to
hypoxia. A single study by Ho et al (213) has shown they are elevated in HCC
and correlate with a poorer prognosis. In mouse models levels have been shown

to increase at 4 hours post VDA administration together with VEGF (203).
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Our study could not replicate these findings. This may be due to the small
sample size of our study together with the variability in EPC levels between
patients. A rise in EPC levels may be a transient event and its time-course may
differ after administration of a VDA or post-TAE. It may also be explained if the
rise post VDA was not secondary to hypoxia but a direct effect of the drug on

the bone marrow.

One of the difficulties currently with EPC assessment is the lack of a standard
methodology to define them. There is currently no universally accepted
combination of cell surface markers that define an EPC and different groups use
different combinations that are often mutually exclusive. For example Shaked et
al (203) reported that EPCs rose post VDA administration. But the combination
of cell markers selected would also select subgroups of haematopoietic
progenitor cells and would have been excluded by Macey et al (411). Therefore
it is difficult to compare different papers as they are often not comparing the

same cell population.

Before EPC’'s can be considered as a viable proposition as a biomarker more
information is therefore needed to define what is an endothelial progenitor cell.
Currently combinations used should be restricted to those that have been
validated with cell culture work such as the combination of CD133 and VEGFR2
(171), and found to have the functional properties of EPC’s. Future work
considering the genetic differences between these overlapping cell populations

look may provide some clarity (419).

In practical terms EPC acquisition involves rare event analysis with a resulting
difficulty in excluding background noise from the data. Large numbers of events
are required which take a long time to acquire. The lack of true clustering of

events means automation is difficult and variability between operators can
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introduce bias. These difficulties reduce its potential as a biomarker for

standard clinical practice.

In summary and with consideration of both my own studies presented here and
the previous published research RIT remains a promising treatment for

B31_CHT25 clinical trial demonstrated efficacy

haematological malignancy. The
and was relatively well tolerated at the MTD. This trial is now entering
recruitment as part of Phase Il. In contrast RIT in advanced solid tumours has
remained disappointing. My thesis describes a novel approach to this problem,
of combining a VDA with RIT to exploit the synergy previously noted in animal
models. Unfortunately unexpected toxicity was seen whilst the dose of CA4P
remained sub-optimal to allow effective vascular shutdown. The limited
shutdown may have contributed to the lack of clinical efficacy. The problems of
combining these two agents have highlighted the need for an effective
biomarker for the VDAs. | have considered the angiogenic cytokines, Tie-2
expressing monocytes and the endothelial progenitor cells in preliminary

feasibility studies using TAE as a model. The study identified promising

compounds to investigate further in future studies.
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